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ABSTRACT 

Distribution 
Category UC-70 

The Waste Isolation Pilot Plant (W!PP) is being constructed at a depth of 
650 m in bedded halites of the Salado Formation. The geologic setting of 
the WIPP site has been active for at least 250 million years , and is 
presently responding to the end of the last pluvial period, within the 
10, 000-year time scale of regulatory interest . Both construction of the 
WIPP facility and WIPP site-characterization activities impose additional 
tr~nsient effects, some of which will last until the hydrologic and 
structural closure of the facility . 

The Bell Canyon Formation beneath the WIPP facility contains shales, 
siltstones, and sandstones. Studies suggest that no channel sandstone is 
present in the Bell Canyon beneath the WIPP site. Fluid movement would be 
downward if drilling interconnected the Bell Canyon with the Rusder 
Formation, the first water-bearing zone above the WIPP facility . 

The Salado and Castile Formations contain abundant bedded halites and 
anhydrites, and deform in response to gravity . Fluids play a major role in 
this deformation, although the regional permeabilities of both units are 
extremely low. Pressurized brines may be present within the Castile 
Formation 200 m or more beneath the WIPP waste-emplacement panels . The 
hydrologic and structural characteristics of the Salado change within an 
altered zone extending a few meters from the WIPP underground workings . 
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The permeability within this altered zone is enhanced, and deformation 
includes local opening of preexisting fractures in anhydrite and formation 
of new fractures in halite. Within a few meters of the facility the Salado • 
characteristics become those of the far field, in which permeability is 
extremely low and deformation is dominated by creep. Brine seepage into 
the 'WIPP facility is extremely slow, and involves transient behavior 
resulting from the combined effects of deformation, low permeability, and 
ventilation. 

At the 'WIPP site, the hydrology and geochemistry of the Rustler Formation 
and younger units overlying the Salado are dominated by confined flow 
within the Culebra dolomite. Rustler karst is- not present at the WIPP 
site, but is present in and near Nash Draw. The combination of modern 
heads and transmissivities of units other than the Culebra indicates the 
potential for limited vertical flow within the Rustler, and from the Salado 
into the Rustler, but is not consistent with infiltration of water from the 
surface to the Rustler carbonates at the WIPP site. Isotopic studies 
indicate that surficial water was required for formation of secondary 
gypsum veins within the Dewey Lake Red Beds overlying the Rustler. The 
distribution of hydrochemical facies in Culebra groundwaters and the 
results of stable-isotope, radiocarbon, and uranium-disequilibrium studies 
are all consistent with the interpretation that there is no modern recharge 
to the Rustler at the WIPP site, and that a change of flow directions in 
the Culebra dolomite has occurred over approximately the last 10,000 years ~ 

The transmissivity of the Culebra dolomite varies by approximately 6 orders 
of magnitude at and near the WIPP site. The transmissivity in the central 
portion of the site, including the locations of all four WIPP shafts, is • 
low (less than 10·6 m2/s). Higher Culebra transmissivities are found 
south, northwest, and west of the site, especially in Nash Draw. 
Fracturing within the Culebra affects local hydrology and contaminant 
transport, but is not significant in regional-scale behavior at and near 
the site, at least so long as the present distribution of head potentials 
is not significantly disturbed. 
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SUMMARY 

The Waste Isolation Pilot Plant (lJIPP), which is designed for receipt, 
handling, storage, and permanent isolation of defense-~enerated transuranic 
wastes, is being excavated at a depth of approximately 655 m in bedded 
halites of the Permian Salado Formation of southeastern New Mexico. Site
characterization activities at the present lJIPP site began in 1976. Full 
construction of the facility began in 1983, after completion of "Site and 
Preliminary Design Validation" (SPDV) activities and reporting. Site
characterization activities since 1983 have had the objectives of updating 
or refining the overall conceptual model of the geologic, hydrologic, and 
structural behavior of the lJIPP site and providing data adequate for use in 
lJIPP performance assessment. 

This report has four main objectives: 

1. Summarize the results of lJIPP site-characterization studies carried 
out since the spring of 1983 as a result of specific agreements between 
the U.S. Department of Energy and the State 'of New Mexico. 

2. SWDDlarize the results and status of site-characterization and 
facility-characterization studies carried out since 1983, but not 
specifically included in mandated agreements. 

3. Compile the results of lJIPP site-characterization studies into an 
internally consistent conceptual model for the geologic, hydrologic, 
geochemical, and structural behavior of the lJIPP site. This model 
includes some consideration of the effects of the lJIPP facility and 
shafts. on the local characteristics of the Salado and Rustler 
Formations. 

4. Discuss the present limitations and/or uncertainties in the 
conceptual geologic model of the lJlPP site and facility. 

The objectives of this report are limited in scope, and do not include 
de termination of whether or not the lJIPP Project will comply with 
repository-performance criteria developed by the U.S. Environmental 
Protection Agency (40CFR191). When combined, the results of recent and 
previous geologic studies of the lJIPP site form a conceptual model, 
summarized below. The model presented is limited to aspects relevant to 
lJIPP site characterization and, ultimately, performance assessment. 

The overall geologic and hydrologic setting of the lJIPP site area has been 
transient (not suady-state) since before the beginning of deposition of 
the Bell Canyon Formation, approximately 250 million years ago, and will 
continue to be transient after effective closure of the YIPP facility. 
Some events, such as crystallization of secondary minerals within the 
Salado Formation approximately 200 million years ago and formation of the 
Mescalero caliche 400,000 to 500,000 years ago, have taken place on a very 
long time scale relative to YIPP performance assessment, which must 
consider only a 10,000-year time frame. Two types of transient response 
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have occurred or are occurring at and near the WIPP site within the 10,000-
year time frame of regulatory interest. These are: a) the continuing 
natural response of the geologic and hydrologic systems to the end of the 
last pluvial period (period of decreased temperatures and increased 
precipitation) in southeast New Mexico; and b) the continuing responses to 
hydrologic, geochemical, and structural transients resulting from WIPP site 
characterization and facility construction. The transient responses 
induced by the presence of the tnPP underground workings will continue 
until reequilibration following effective structural and hydrologic closure 
of the facility. 

The Bell Canyon Formation, consisting largely of shales, siltstones, and 
sandstones, contains the first relatively continuous water-bearing zone 
beneath the WIPP facility. In some parts of the northern Delaware Basin, 
the unit contains permeable channel sandstones that are targets for 
hydrocarbon exploration. Recent studies suggest that the upper Bell Canyon 
at the WIPP site does not contain any major channel sandstone. This 
decreases the probability of the Bell Canyon serving as a source of fluids 
for diSsolution of overlying evaporites at the tnPP. These s~e studies 
indicate that the final direction of fluid flow following interconnection 
of the Bell Canyon, Salado, and Rustler Formations within a drillhole would 
be downward into the Bell Canyon, after accounting for density increases in 
the fluids due to dissolution of halite within the Salado. It is assumed 
here that the measured hydrologic characteristics of the Bell Canyon 
Formation are more significant to tnPP performance assessment than those of 
underlying units. The head distribution within the upper Bell Canyon near 
the WIPP site indicates flow towards the northeast. 

Both regional studies and studies within the tnPP facility indicate that 
the Castile and Salado Formations, both of which are made up predominantly 
of layered anhydrites and halites, should be considered as low-permeability 
units that deform regionally in response to gravity. In general, 
permeabilities and fluid-flow rates in both units are very low and are 
insensitive to stratigraphy. Formation permeabilities in the Castile and 
Salado Formations remote from the WIPP excavations are generally less than 
0.1 microdarcy, and the regional water content of Salado halites is up to 2 
weight percent. Exceptions include local brine occurrences in Castile 
anhydrites and gas occurrences in the Salado Formation, both of which are 

. fracture-controlled, can be large in volume, and can be under pressures 
high enough to cause fluid flow t:o the surface. No major gas occurrence 
within the Salado Formation has been encountered at the WIPP site. In 
fact, where it has been possible to measure far-field brine pressures 
within the Salado, the pressures, permeabilities, and available brine 
volumes combine to indicate the potential for only very limited fluid flow 
upwards into~the overlying Rustler Formation. It is not certain that the 
Castile and Salado Formations are hydrologically saturated regionally. 

Pressurized Castile brines have been encountered in Castile anhydrite in 
hole tnPP-12, approximately 1. 5 km north of the cente-r of the WIPP site. 
Geophysical studies indicate that Castile brines may be present beneath a 
portion of the WIPP waste-emplacement panels, consistent with earlier 
assumptions. These brines are stratigraphically 200 m or more below the 
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YlPP facility horizon and are not of concern except in the case of human
intrusion breach of the facility. 

In the western part of the Delaware Basin, extensive halite dissolution has 
apparently taken place in both the Castile and Salado Formations. However, 
much of the variability in structure and internal stratigraphic thicknesses 
within the Castile and Salado Formations results from deformation and 
original depositional variability, rather than from evaporite dissolution. 
Regional or far-field deformation of the Castile and Salado Formations 
involves pressure solution as a major mechanism, due to the presence of 
intergranular fluids, but occurs too slowly to be of future concern to the 
YIPP Project. Structures within hole DOE-2 ·result from deformation rather 
than dissolution. 

The hydrologic and structural characteristics of the Salado Formation in 
the disturbed zone generated by the presence of the YIPP facility are 
different than those in the far field. Formation permeability within a 
couple of meters of the underground workings at the facility horizon 
increases significantly. Near-field deformation of the Salado Formation 
involves both the opening of preexisting fractures in anhydrite beneath the 
facility horizon (Marker Bed 139) and generation of new fractures in 
halite. Fluid contenu in the disturbed zone at the facility horizon 
decrease in response to facility ventilation and/or deformation. 'Within a 
few meters of the underground workings, both hydrologic and structural 
behavior of the Salado Formation become essentially those of the far field. 
Brine seepage into the YIPP facility includes a significant transient 
phase, which will probably last until effective facility closure. The 
results of preliminary hydrologic testing in the Salado Formation adjacent 
to the YIPP air-intake shaft indicate extremely low permeabilities, with no 
apparent stratigraphic variability. The results also indicate that 
development of a disturbed zone around the YIPP shafts is less extensive 
than at the facility horizon. The extent, characteristics, and importance 
of the disturbed-rock zones around the YlPP shafts and at the facility 
horizon remain to be determined in detail. 

At and near the YIPP site, the Rustler Formation should be considered as a 
layered unit of anhydrites, siltstones, and halites, containing a thin and 
variably fractured carbonate unit, the Culebra dolomite. The Culebra 
dolomite is the first continuous water-bearing unit above the YIPP facility 
and, at the YIPP site, is at least an order of magnitude more permeable 
than other members of the Rustler Formation, including the Magenta 
dolomite. The transmissivities of Rustler anhydrites at the YIPP site are 
too low to measure. As a result, the Culebra dominates fluid flow within 
the Rustler Formation at the YIPP site and is the most significant pathway 
to tl:\e accessible environment from the YIPP facility, except for direct 
breach to the surface by human intrusion. The transmissivity of the 
Culebra varies by approximately six orders of magnitude in the region 
containing the YIPP site. The Culebra transmissivity in the central 
portion of the site, including the locations of all four lol!PP shafts ., is 
low. Higher Culebra transmissivities are found in areas southeast and 
northwest of the central part of the site. Fluid flow rates lolithin the 
Culebra are very low at the site center and in regions to the east, but 
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relatively high within Nash Draw. Modern flow in the Culebra is confined 
and largely north-south in the area of the YIPP site. 

Fluid flow and geochemistry within the Culebra dolomite and shallower units 
are in continuing transient response to the marked decrease or cessation of 
local recharge at approximately the end of the last pluvial period. Both 
bulk chemistry and isotopic relations within Culebra fluids are 
inconsistent with modern flow directions if steady-state confined flow is 
assumed. Because of the relative head potentials within the Rustler 
Formation at and near the YIPP site, there must be a small amount of 
vertical fluid flow between its members, even though the permeabilities of 
Rustler members other than the Culebra dolomite are quite low. Yhere 
measured successfully, the modern head potentials within the Rustler 
prevent fluid flow from the surface downward into the Rustler carbonates. 
These results do not prohibit either the modern movement of fluids from the 
underlying Salado Formation upwards into the Rustler Formation or the 
downward movement of Dewey Lake waters into the Rustler Formation during or 
even after the cessation of local recharge at the end of the last pluvial 
period. They do, however, suggest that recharge from the surface to the 
Rustler Formation is not now occurring at the YIPP site. The results of 
stable-isotope, radiocarbon, and uranium-disequilibrium studies are also 
consistent with the interpretation that there is no measurable modern 
recharge to the Culebra dolomite from the surface at and near the YIPP 
site. The transient hydrologic response of the Rustler Formation to the 
end of the last pluvial period has involved at least some change in flow 
directions in the Culebra dolomite. Although the modern flow is largely 
north-south, the results of uranium-disequilibrium studies suggest that 
flow was more easterly during previous recharge. 

Within and near Nash Draw, evaporite karst is operative within the Rustler, 
as evidenced by the continuing development of small caves and sinkholes in 
near-surface anhydrites and gypsums of the Forty-niner and Tamarisk 
Members. There is no evidence of karstic hydrology in the Rustler at and 
near the YIPP site. However fracturing of some portions of the Culebra 
dolomite is sufficient at the site to strongly affect both hydraulic and 
transport behavior on the hydropad scale, i.e., over distances of approxi
mately 30 m. Interpretation of multipad interference tests conducted both 
north and south of the center of the YIPP site indicates that this fractur
ing need not be incorporated into numerical modeling of the regional-scale 
hydraulic behavior of the Culebra east of Nash Draw. Similarly, detailed 
transport calculations indicate that affects due to fracturing are not 
significant in regional-scale transport within the Culebra dolomite at and 
near the WIPP site, at least as long as the modern head distribution is not 
significantly disturbed and the calculated flow directions and transport 
properties are representative . 

. I 

The Dewey Lake Red Beds overlying the Rustler Formation consist largely of 
siltstones and claystones, with subordinate sandstones. In tested 
locations, the Dewey Lake may be hydrologically unsaturated, but is too low 
in permeability for successful hydrologic testing. South of the YIPP site, 
near an area where the unit may be receiving modern recharge, sandstones 
within the Dewey Lake locally produce potable water. In general, water 
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levels within the Dewey Lake Red Beds, like those in the underlying Rustler 
Formation, must be in transient response to the end of the last pluvial 
period. Isotopic relations suggest that surficial waters have been 
involved in the formation of secondary gypsum veins within the Dewey Lake, 
but that the Dewey Lake and Rustler hydrologic systems are largely 
separate. 

The major near-surface units at the YIPP site are the Gatuna Formation and 
Mescalero caliche. The sandstones and stream-channel conglomerates within 
the Gatuna indicate that major changes in local climate have occurred over 
(at least) the last 600,000 years . The widespread preservation of the 
Mescalero caliche indicates not only the· relative structural stability of 
the Livingston Ridge surface (on which the YIPP surface facilities are 
sited) over the last 400,000 years, but also that infiltration over this 
same time period has not been sufficient to dissolve a layer of carbonate 1 
to 2 m thick . 
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SUMMARY OF SITE-CHARACTERIZATION STUP!ES CONDUCTED 
fROM 1983 IHROUGH 1987 AT THE YASTE ISOLATION 

PILQT PLAN! (YIPP> SITE, SOUIH£AST£RN NEY MEXICO 

1.0 INTRODUCTION 

The Yaste Isolation Pilot Plant (YIPP) in southeastern New Mexico (Figure 
1.1) is designed for the receipt, handling, storage, and disposal of 
defense- generated transuranic (TRU) wastes. The YIPP underground 
facilities are currently being constructed at a depth of approximately 655 
m in bedded halites in the lower portion of the Salado Formation (Table 
1.1). First receipt of waste is scheduled for October 1988. 

'IJIPP site-characterization activities began in 1976 with the drilling of 
hole ERDA-9 near the center of the site (Sandia National Laboratories and 
United States Geologic Survey, 1983) (Figure 1.2). As used here, the term 
"YIPP site• specifically refers to the sixteen square miles of T22S, R31E 
contained within YIPP Zone 3 and shown in Figure 1.2. This terminology is 
used for internal consistency within the report. Conseruction of the YIPP 
facility and monitoring of its underground structural and hydrologic 
behavior began in 1981, with construction of two shafts and limited 
underground workings. 

YIPP site-characterization and facility-characterization studies through 
March 1983 are documeneed in several reports, including: 1) the YIPP 
Geologic Characterization Report (Powers et al., 1978); 2) the YIPP Final 
Environmental Impact Statement (FEIS) (U.S. Department of Energy, 1980); 
and 3) both summary and topical reports completed as part of the YIPP Site 
and Preliminary Design Validation (SPDV) effort (e.g., Beauheim et al., 
1983a; Borns et al., 1983; Lambert, 1983; Popielak et al., 1983; , Yeart, 
1983;· Yood et al., 1982). 

After the SPDV studies were completed and documented, the U.S. Department 
of Energy and the State of New Mexico agreed to several additional site
characterization activities, which, with one exception, were scheduled for 
completion by January 1988. The specific studies are described in 
Appendices I and II to the •Agreement for Consultation and Cooperation 
Between [the U.S.] Department of Energy and the State of New Mexico on the 
Yaste Isolation Pilot Plant• (1981), and are referred to here as "C&C 
studies. • Some non- C&C studies, such as a major regional- scale 
interference test of the Culebra dolomite, have also been carried out since 
1983. A reactive-tracer experiment in the Culebra dolomite, originally a 
C&C study, was deleted during 1987, by agreement between DOE and the State 

. of
1
New Mexico. Studies agreed to in lieu of the reactive-tracer experiment 

should, with a few exceptions, be completed and reported by approximately 
December 1988. 

Thus, formal WIPP site-characterization activities will end approximately 
December 1988. However, understanding of the geologic, hydrologic, and 
geochemical behavior of the YIPP facility (and site) will continue to 

1 
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Figure 1.1: Setting of the YIPP site relative to the northern Delaware Basin. Selected geomorphic 
features and some holes referred to in text but not shown in Figure 1.2 are also 
included. Modified from Figure VI-1 of Lambert (1983). 
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Table 1.1: Generalized stratigraphic column of the Delaware Mountain Group 
and younger sedimentary rocks at and near the 'WIPP site . 
Figure 2-1 of Beauheim (1987c). 

SYSTEM SERIES GROUP FORMATION MEMBER 

RECENT RECENT SURFICIAL DEPOSITS 

QUATER- PLEISTO· MESCALERO CALICHE 
NARY CENE GATUNA 

TRIASSIC DOCKUM UNDIVIDED 

DEWEY LAKE 
RED BEDS 

Forty-niner 

Magenta Dolomite 

RUSTLER Tamarisk 

Culebra Dolomite 
z 
c unnamed 
0 
:z: 
() 
0 

SALADO 

z 
~ 
:IE 
a: 
w CASTILE 
&:L 

z -c BELL CANYON 
z ... 
c z - ;:) 
&:L 0 
;:) :E .. _, 
c w 
Q a: CHERRY c c 
;:) ~ CANYON 

" c _, 
w 
Q BRUSHY 

CANYON 
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Figure 1.2: Boreholes at and near the WIPP site referred to in text . Holes were drilled as part of 
the site-characterization of the WIPP, as ranchers' wells, or as potash or hydrocarbon 
exploration holes . Only exploration holes which have been hydrologically tested are 
included. 
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develop after that time. Geotechnical work in and near the WIPP facility 
will extend into the period of operational demonstration, especially to 
complete characterization of the hydrologically and structurally disturbed 
zones around the underground workings and access shafts, in direct support 
of WIPP performance assessment. Data collected during these studies must 
support a full evaluation of expected facility performance against criteria 
developed by the U.S. Environmental Protection Agency (40CFR191) in their 
present or revised form. The structural, hydrologic, and nuclide
containment behavior of the WIPP facility, including potential far-field 
paths of nuclide release to the accessible environment, will be monitored 
throughout the WIPP operational period. 

1.1 Report Objectives 

This report has four main objectives. These are to: 

1. Summarize the results of C&C studies carried out since the Spring 
of 1983. 

2. Summarize the results and/or status of site-characterization and 
facility-characterization studies carried out since 1983 but not 
mandated by the C&c Agreement. 

3. Compile the results of YIPP site-characterization studies into an 
internally consistent conceptual model for the geologic, hydrologic, 
geochemical, and structural behavior of the WIPP site. This mode 1 
includes preliminary consideration of the local effects of the YIPP 
facility and shafts on the Salado and Rustler Formations. 

4. Discuss the present limitations and/or uncertainties in the 
conceptual geologic model of the WlPP site and. facility. 

The objectives of the report are limited in scope and do not include 
determination of whether or not the YIPP Project will comply with 
repository-performance criteria developed by the U.S. Environmental 
Protection Agency (40CfRl91). Whether or not the WIPP will comply with 
40CfRl91 must be demonstrated by the YIPP performance-assessment activity 
within five years following first emplacement of waste. The objective of 
this report is to develop as complete a conceptual model as possible for 
use in the required performance assessment. 

1.2 Structure of Report 

The remaining parts of this section (1.0) contain: 

1. A general discussion of the stratigraphic setting and variability 
of sedimentary rocks within the northern Delaware Basin that have been 
of interest during YIPP site characterization (Section 1.3) . 
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2. A general discussion of the technical issues of interest in YIPP 
site (and facility) characterization (Section 1.4). Emphasis in this 
discussion is on technical areas of site characterization which have 
been actively pursued since 1983. 

Tbe sections making up the body of the report (2. 0 through 4. 0) are 
generally ordered in stratigraphically upward sequence. This structure is 
a matter of convenience, and is not intended to imply relative priorities 
of the different issues and units discussed. 

Yithin each technical section, recent studies in the formation(s) of 
interest are discussed in relation to the topics or issues outlined in 
Section 1. 4. The final section of the report, Section 5. 0, attempts to 
compile the results of the three preceding sections into an internally 
consistent conceptual model for the geologic, hydrologic, structural, . and 
geochemical behavior of the YIPP site. 

1.3 General Strati,raphic Settin' of the YIPP Site and Facility 

As shown in Figure 1.1, the YIPP site is located in southeastern New 
Mexico, in the northern portion of the Delaware Basin. The generalized 
stratigraphy in the vicinity of the YIPP is summarized in Table 1.1. 
Regional stratigraphic relationsl:lips and characteristics are discussed in 
detail in Powers et al. (1978). 

The Delaware Basin became a distinct structure by the late Pennsylvanian 
Period to early Permian Period, approximately 280 million years ago. 
Approximately 250 million years ago, the reef now represented by the 
Capitan limestone began to grow around the margins of the developing basin, 
and the sandstones, shales, and carbonates now iaaking up . the Delaware 
Mountain Group (DMG) were deposited within the basin.. Most of the Capitan 
limestone is relatively massive. Some portions of the unit are hydrologi
cally active and support local karst hydrology, including the formation of 
large cavities such as Carlsbad Caverns. The Delaware Mountain Group, 
which is limited to the basin, contains three major subdivisions, the 
Brushy Canyon, Cherry Canyon, and Bell Canyon Formations (in ascending 
stratigraphic order). Only the Bell Canyon Formation is considered here, 
as it is the first regionally continuous water-bearing formation beneath 
the YIPP facility. The hydraulic behavior of the Bell Canyon Formation is 
assumed to be more significant than that of any underlying units in YIPP 
breach scenarios. 

The Bell Canyon Formation is divided into five informal members, the Hays 
sandstone; Olds sandstone, Ford shale, Ramsey sandstone, and Lamar 
limestone (in ascending stratigraphic order). The individual members vary 
in thickness and lithology. As shown in Figure 1.3, the upper Bell Canyon 
sandstones tend to be elongated and laterally discontinuous, in the nature 
of "channel sands." Individual sands are separated laterally by strati
graphically equivalent siltstones and/or shales. Near the YIPP site, the 
Bell Canyon Formation consists of a layered sequence of sandstones, shales/ 
siltstones, and limestone 300m or more in thickness (Powers et al., 1978). 
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Figure 1.3: Lateral distribution and thicknesses of channel sands in the 
informal Ramsey member of the :&ell Canyon Formation in the 
northern Delaware Basin , including holes DOE-2 and Cabin 
Baby- 1 . Simplified from Figure 2-2 of Davies (1983) . 
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Within the northern Delaware Basin, the sandstones and shales of the Bell 
Canyon Formation are overlain by the thick- bedded sequence of anhydrites • 
and halites of the Castile Formation, also of Permian age. As shown in 
Table 1.1, the Castile Formation near the YIPP site normally contains three 
relatively thick anhydrite/carbonate units and two thick halites. Both 
anhydrites and halites contain abundant anhydrite and/or carbonate laminae, 
may be strongly deformed internally, and are variable in local thickness. 
The thickness of the Castile Formation near the YIPP site is approximately 
400 m. 

The Salado Formation, of Late Permian (Ochoan) age, is 530 to 610 m thick 
at and near the WlPP site, and is generally bedded on a scale of 0.1 m to 
l m. It contains 45 numbered •anhydrite• marker beds of variable thickness 
(MBlOl through MB145 with increasing depth). Between . marker beds, the 
Salado consists of layered halit~s of varying purity and accessory 
mineralogy; anhydrite (CaS04), clays, and polyhalite (K2MgCa2(S04)4·2H20) 
are dominant accessory minerals. The YIPP facility horizon is between 
MB138 and MB139 . 

The Salado Formation is overlain by the Rustler Formation, also of Ochoan 
age. As shown in Table 1.2, the Rustler contains five members. Two, the 
Magenta and Culebra dolomites, are somewhat variable gypsi:erous dolomites. 
The Culebra and Magenta dolomites vary mainly in the concentration of 
fractures and the local occurrence of silty zones. The other three members 
of the Rustler (unnamed lower member, Tamarisk Member, and Forty-niner 
Member in upward succession) consist of varying proportions of anhydrite, 
siltstone/claystone, and halite. The major mineralogical variability 
within the Rustler Formation as a whole is in the degree of alteration of 
anhydrite ·to gypsum and the presence or absence of halite, both generally 
interpreted to result from evaporite dissolution. Some of this 
variability, however, may reflect original depositional patterns. The 
Rustler ranges from 83 m to 130 m in thickness at the YIPP site, depending 
on the extent of evaporite dissolution and/or depositional variability. 

The Culebra dolomite is the first laterally continuous unit above the WIPP 
facility to display significant permeability. Barring direct breach to the 
surface, the Culebra dolomite provides the most direct pathway between the 
WIPP facility and the accessible environment. The hydrology and fluid 
geochemistry of the Culebra dolomite are quite complex. The unit displays 
wide ranges in hydraulic properties, local flow and transport mechanisms, 
and geochemistry. As a result of these factors, the Culebra has received a 
great deal of study in WIPP site characterization, both before and since 
1983. 

The Rustler Formation at the YIPP is overlain by the Dewey Lake Red Beds 
(the uppe~ost unit of the Ochoan Series) consisting largely of siltstones 
and claystones, with subordinate sandstones. The unit is approximately 30 
m to 170 m thick at and near the WlPP site, varying at least in part due to 
post-depositional erosion. Where relatively thick and hydraulically 
unsaturated, the Dewey Lake Red Beds form a low-permeability buffer zone 
between the surface and relatively soluble carbonates and/or sulfates in 
the underlying Rustler Formation. In some areas, however, the unit is 
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thinned by local erosion and/or is hydraulically saturated. \.There 
sufficiently thin, the Dewey Lake may not present an effective barrier to 
vertical fluid movement from the surface into the Rustler, depending on the 
local fluid pressures within and above the Rustler Formation. '!.'here 
saturated, the Dewey Lake may, in some areas, serve as a source of fluids 
to the underlying Rustler Formation. The depositional age of the Castile, 
Salado, and Rustler Formations, as well as the . Dewey Lake Red Beds, ranges 
approximately from 245 million to 230 million years. Over approximately 
the eastern half of the YIPP site, the Dewey Lake Red Beds are overlain by 
the (undivided) Dockum Group of sandstones and shales of Triassic age. 

Table 1.2: Generalized stratigraphy of the Rustler Formation at and near 
the YIPP site. Adapted from Snyder (1985). 

Age 

Permian/ 
Ochoan 

Member 

Forty-Niner 

Magenta 
Dolomite 

Tamarisk 

Culebra 
Dolomite 

Unnamed 

Approximate 
Thickness (m) 

45± 

6-9 

65± 

6-10 

Generalized Character in 
"Unaltered" Sections 

Anhydrite 
Halite and Siltstone 
Anhydrite 

Thinly Laminated Gypsiferous 
Dolomite; Local Anhydrite 

Anhydrite 
Halite and Siltstone 
Anhydrite 

Finely Crystalline, Vuggy, 
Gypsiferous Dolomite; Local 
Siltstone 

Alternating Halite, Siltstone, 
Anhydrite 
·Laminated Siltstone 

The shallowest and youngest stratigraphic units at the YIPP site proper, 
except for recent surficial sands, are the Gatuna Formation, the Mescalero 
ca+iche, and the Berino soil. The Gatuna Formation, the upper part of 
which is approximately 600,000 years in age, consists of siltstones, sands, 
and stream-laid conglomerates, deposited in a wetter climate than is now 
present in southeast New Mexico. The Mescalero caliche, 410,000 to 510,000 
years in age, is relatively continuous in the vicinity of the YIPP site and 
supports the Livingston Ridge surface on which the site is located (Figure 
1.1). The Berino soil, approximately 250,000 years old, is a thin horizon, 
and is much less widespread than either the Gatuna or the Mescalero. 
Together, the Gatuna Formation, Mescalero caliche, and Berino soil indicate 
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some of the variability of the climate in southeastern New Mexico over the 
last 600,000 years and the relative structural stability of the Livingston 
Ridge surface over the last 400,000 to 500,000 years. 

Localized gypsite-spring deposits, approximately 25,000 years in age, occur 
along the eastern flank of Nash Draw, but are not currently active. Around 
the northwest margin of the Delaware Basin, packrat middens indicate that 
the climate approximately 10,500 years ago was significantly wetter than 
that at present. The recent surficial windblown sands at and near the ~IPP 
site are almost all stabilized by vegetation. South of the site, however, 
there is an area in which surficial dunes appear to be active. It is from 
these dunes that the area has derived its name, "Los .Kedanos." 

1.4 Technical Issues of Interest in YJPP Site and Facility 
Characterization 

This section contains brief discussions of several technical issues of 
general interest in site characterization of the YIPP, including some 
consideration of the ~IPP facility itself. The most general issues are 
discussed first. After that, the approach is generally stratigraphic, in 
parallel with the structure of the report as a whole. Detailed referencing 
of individual technical studies is not included here, but is included in 
Sections 2.0 through 4.0, where appropriate. 

1.4.1 Transient Versus Steady-State Geoloeic. Hydrologic. and Geochemical 
Setting of the ~IPP 

In order for the expected behavior of the ~IPP facility to be evaluated 
against the EPA's repository-performance guidelines (40CfRl9l), it must be 
demonstrated that the structural, hydrologic, geochemical, and transport 
behavior of the YIPP facility and environs are adequately unders~ood to 
provide satisfactory predictions over at least the 10,000-year time frame 
of regulatory interest. "Structural behavior," as the term is used here, 
includes both far-field and near-field mechanical deformation of 
stratigraphic units. Far-field structural behavior is behavior independent 
of the presence of the YIPP facility, especially the underground workings. 
Near- field behavior is the behavior of the portions bf the Salado and 
Rustler Formations that have been disturbed by the presence of the ~IPP 
facility. "Hydrologic behavior" includes description of the distribution 
of hydrologic properties, fluid pressures, and directions of fluid flow. 
As the term is used here, however, it does not include investigation of 
chemical equilibrium between fluid and rock. "Geochemical behavior" 
includes bott\ bulk chemistry and isotopic relations resulting from rock
water interaction, but is largely limited to consideration of natural 
chemical transport and reactions between rocks and fluids, independent of 
waste. "Transport behavior• includes consideration of the mechanisms of 
contaminant transport in Rustler groundwaters and the relative importance 
of different transport mechanisms; it does not include consideration of any 
specific radionuclides that will or will not be a part of the WIPP 
radionuclide inventory. · 
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Two basic assumptions are possible concerning the overall geologic setting 
of the YIPP site. The simplest assumption, implicitly made in the TJIPP 
FEIS (U.S. Department of Energy, 1980), is that the entire geologic system 
at the YIPP is at steady state on the time scale of regulatory interest. 
Under this assumption, the geology, hydrology, and geochemistry of the TJIPP 
site should be constant with (or independent of) time for at least the 
period of regulatory concern to waste isolation. 

However, the overall geologic and hydrologic settings of the YIPP site have 
been transient (not steady-state) since before the beginning of deposition 
of the Bell Canyon Formation, approximately 250 million years ago, and will 
continue to be transient long after effective closure of the TJIPP facility. 
Some events, such as crystallization of secondary minerals within the 
Salado Formation approximately 200 million years ago and formation of the 
Mescalero caliche 400,000 to 500,000 years ago, have taken place on a very 
long time scale. Two types of transient response are occurring at and near 
the YIPP site within the 10, 000-year time frame of regulatory interest. 
These are: a) the continuing natural response of the geologic and 
hydrologic systems to the end of the last pluvial period (period of 
decreased temperatures and increased precipitation) in southeast New 
Mexico; and b) the responses to man- induced hydrologic, geochemical, and 
structural transients resulting from site characterization and facility 
construction. 

Thus, there is abundant evidence that the overall setting and behavior of 
the YIPP site are transient on at least three geologic and two human
induced time scales. The time scales of transient behavior range from at 
least tens of millions of years in the cases of secondary mineralization 
and fracture formation ·within the Salado Formation (independent of the TJIPP 
facility) to tens of years in the case of pressure transients imposed on 
the Rusder Formation by shaft construction and hydrologic testing. The 
evidenc·e for transient behavior of the YIPP site comes from a broad range 
of geologic, hydrologic, geochemical, and structural studies. The TJIPP 
performance-assessment activity will ultimately determine which transient 
phenomena are significant to the long- term performance of the TJIPP 
facility. 

1.4.2 Dissolution of Evaporitic Rocks at and near the YIPP Site 

Evaporite dissolution, i.e. , dissolution or alteration of halite, 
anhydrite/gypsum, andjor the sulfatic carbonates of the Rustler, Salado, or 
Castile Formations by groundwaters, has been an issue of major interest in 
TJIPP site characterization. The fundamental reason for this has been the 
need .to evaluate the possibility that, although the Permian evaporites at 
the YIPP site have been in existence for approximately 240 million years, 
they might be regionally or locally dissolved on the 10,000-year time scale 
of regulatory interest. If this occurred, then evaporite dissolution could 
play a major role in breach of the YIPP facility, by short-circuiting the 
transport of radionuclides from the facility to the accessible environment. 

There are four settings in which evaporite dissolution is or has been of 
interest in YIPP site characeerization. These include: 
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1. Regional-scale stratabound dissolution of evaporites, especially 
halite, within the Castile and Salado Formations. In stratabound 
dissolution, fluid movement is predominantly parallel to bedding. 
Stratabound dissolution has probably taken place in the western part of 
the Delaware Basin, as indicated by the absence of halite from both the 
Castile and Salado Formations in Figure 1. 4. If stratabound 
dissolution within the Castile reached the WIPP site, mechanical 
collapse of the overlying Salado Formation would occur, possibly 
resulting in direct breach of the facility. If stratabound dissolution 
within the Salado reached the WIPP, direct breach of the facility might 
result . 

The possibility of stratabound dissolution reaching the WIPP site 
itself on the 10,000-year time scale ~f interest was evaluated as part 
of site-characterization activities prior to 1983. There is general 
agreement that stratabound dissolution of the Castile and/or Salado 
Formations will not reach the WIPP facility in the 10, 000-year time 
frame of interest. In addition, recent interpretations indicate that 
much of the variability in the thicknesses of the Castile and Salado 
Formations is due to deformation and original depositional variability, 
rather than to evaporite dissolution. This should result in slower 
estimated dissolution rates. 

2. Dissolution of Castile and/or Salado halites by localized upward 
intrusion of halite-unsaturated fluids from the upper portion of the 
Bell Canyon Formation into the overlying units. If such dissolution 
occurred i11111ediately beneath the WIPP site, the resulting mechanical 
subsidence might directly breach the WIPP facility. If this 
dissolution mechanism is in fact feasible, the locations at which it 
might occur in the future are not predictable with the present 
understanding of hydrology in the northern Delaware Basin. 

At the WIPP site, one basinal structure within the Salado Formation was 
proposed in 1983 as a possible result of subsidence resulting from 
point-source dissolution of Castile and/or Salado halites. This 
structure has since been investigated by the drilling, coring, and 
hydrologic testing of hole DOE-2 (Figure 1. 2). No evidence of 
evaporite dissolution was found in hole DOE-2. The DOE-2 structure is 
the result of syndepositional and postdepositional deformation of the 
Castile and Salado Formations, rather than of evaporite dissolution. 
This conclusion, together with earlier studies indicating that the only 
proven "breccia pipes• in the northern Delaware Basin result from 
dissolution within the Capitan limestone and occur only directly above 
this unit (Snyder and Card, 1982), indicates that point- source 
dissolution of Castile and/or Salado evaporites is not operative either 
within t&e main part of the basin or at the WIPP site. 

3. Dissolution of halite from within the Rustler Formation by strata
bound flow. East of the WIPP site, the Rustler Formation contains 
abundant halite (salt) in the Forty-niner, Tamarisk, and unnamed 
members. West of the WIPP site, for example in Nash Draw, the Rustler 
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Formation is totally devoid of halite (Figure 1.5). If Rustler varia
bility is due to evaporite dissolution and if stratabound dissolution 
reached the YIPP site within 10,000 years, the overburden at the YIPP 
would be significantly reduced, perhaps leading to breach. 

The variability within the Rustler Formation has conventionally been 
thought to result from regional-scale stratabound evaporite dissolu
tion, based on the assumption that the distribution of halite was 
originally uniform. It has also traditionally been assumed that dis
solution of Rustler evaporites was a recent phenomenon, linked to the 
growth of Nash Draw over the last 600,000 years. These two assumptions 
maximize both the total amount of halite dissolved ·from the Rustler and 
the rate at which this dissolution occurs. There is considerable dis
agreement concerning the uniformity and amount of stratabound evaporite 
dissolution within the Rustler Formation. However, even with the two 
"conservative" assumptions outlined above, i.e . , assumptions thought to 
maximize the potential impact to the ~IPP, it does not appear feasible 
for the Nash Draw structure to extend to the ~IPP site on the time 
scale of regulatory interest. 

4. Evaporite dissolution within the Rustler Formation as a result of 
vertical fluid flow . This second potential evaporite-dissolution 
mechanism involving the Rustler Formation at and near the ~IPP site 
requires local recharge, from the surface to the Rustler Formation, of 
waters unsaturated in halite and anhydrite/gypsum. If this vertical 
movement of unsaturated fluids occurs to a significant degree, the 
resulting local evaporite dissolution within the Rustler might result 
in local high-permeability channels or pathways within the Rustler 
Formation. The final result of such dissolution would be the 
generation of a "karstic" hydrologic system. In such a system, the 
hydrology and transport behavior would be dominated by relatively 
narrow high-permeability pathways or channels, even though most of the 
unit would consist of low-permeability "blocks." The hydrology of at 
least part of the Rustler Formation within Nasl1 Draw, where the Rustler 
is exposed at the surface, is known to be karstic, and includes the 
continuing formation of small caves and sinkholes in anhydrites of the 
Forty-niner and Tamarisk Members. Such a hydrologic and transport 
system within the Rustler Formation at the ~IPP site itself might 
p=ovide a means for rapid transport of nuclides from the ~IPP facility 
tv the accessible environment. 

A comprehensive approach has been taken to the question of Rustler 
karst at the WIPP site. Field studies have evaluated the surface
geological evidence for and against significant surface infiltration 
and possible development of karstic cavities below. Hydrologic 
measurement~, including regional-scale pumping tests, have charac
terized the present distribution of hydraulic properties and relative 
head potentials within the Rustler at and near the ~IPP. Isotopic 
studies have estimated the isolation or residence times of Rustler 
waters, estimated the relative importance of vertical and stratabound 
fluid flow within the Rustler and Dewey Lake, and evaluated the extent 
to which the entire Rustler hydrologic setting is transient. 
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Figure 1. 5: Generalized halite distribution within the Rustler Formation 
at and near the YIPP site. Slightly modified from Figure 9 of 
Chaturvedi and Channell (1985). Zone 1: no halite present 
within the Rustler Formation; Zone 2: halite present only 
below the Culebra Member; Zone 3: halite present between 
Culebra and Magenta Members; Zone 4: halite present above the 
Magenta Member . 
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The combined results of these studies indicate that vertical recharge 
from the surface to the Rustler is not active at the WIPP site. Where 
measured successfully, the calculated residence or isolation time of 
Rustler groundwaters at the WIPP site is greater than 10,000 years. 
There must have been changes in flow directions within the Culebra 
dolomite within the last (approximately) 10,000 years. The isotopic 
results do indicate that some vertical fluid flow has taken place, 
especially within the Dewey Lake Red Beds. In addition, local 
development of karstic channels or porosity within Rustler anhydri~es 
does appear to have been a consequence of vertical infiltration of 
fluids from the surface in the WIPP-33 structure, approximately 1 km 
west of the western boundary of Zone 3. However, the WIPP-33 struc~ure 
is unique at and near the WIPP site and is not now significantly 
active. Regional-scale pumping tests of the Culebra dolomite have not 
identified any major or dramatic high-transmissivity structures similar 
to those expected if Rustler karst involving the Culebra were present 
at the WIPP site. 

1. 4. 3 Directions of Fluid Flow to Be Expected if the Rustler and Be 11 
Canyon Formations Are Interconnected 

In the effort to be "conservative," i.e., to not underestimate the impact 
of breaches of the WIPP facility, it was assumed in the WIPP FEIS (U.S. 
Department of Energy, 1980) that fluid flow in the event of interconnection 
of the Rustler and Bell Canyon Formations would be upward into the Rustler. 
This issue, as well as the distribution of hydrologic properties within the 
Bell Canyon Formation, has since been investigated in testing of the holes 
Cabin Baby-1 and DOE-2, near the southern and northern boundaries of the 
WIPP site, respectively (Figure 1.2). 

The results of hydrologic testing in both Cabin Baby-1 and DOE-2 suggest 
that the WIPP site is not directly underlain by a high-permeability channel 
sand in the upper part of the Bell Canyon (Figure 1.3). If such a sand is 
present, it must be more narrow than those shown in Figure 1. 3. This 
decreases the potential, already concluded by Wood et al. (1982) to be 
negligible, for any significant upward migration of Bell Canyon fluids into 
overlying evaporites in the absence of a drillhole. In addition, the fluid 
pressures and brine densities measured in both Cabin Baby-1 and DOE-2 
indicate that, in the event of interconnection of the Bell Canyon, Salado, 
and Rustler Formations within a drillhole, the final direction of fluid 
flow would be downward into the Bell Canyon Formation. This conclusion 
assumes that both Bell Canyon and Rustler fluids become saturated as a 
result of local halite dissolution within the Salado Formation. 

1.4.4 Distribution and Oridn of Brine Occurrences within Castile 
Anhydrites 

In the northern Delaware Basin, highly pressurized brines have been 
encountered locally in fractured anhydrites of the Castile Formation during 
drilling from the surface. The known distribution of these Castile brine 
occurrences as of 1983 is shown in Figure 1.6. Castile brines have been 
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encountered largely in hydrocarbon-exploration drillholes both north and 
northeast of the WIPP site (i.e., between the WIPP site and the margin of 
the basin). However, brine was also encountered southwest of the WIPP 
site, at the Belco well. During WIPP site characterization, Castile brines 
have been encountered in hole WIPP-12, approximately 1. 6 km north of the 
site center, and in ERDA-6, approximately 8 km northeast of the site 
center . 

Two basic hypotheses have been put forward to explain the origin of Castile 
brines, namely that the occurrences are due to: 

l. Migration of connate Castile fluids from halites into anhydrites 
fractured as a result of local deformation. 

2. Isolation of meteoric waters within the fractured Castile 
anhydrites, following episodic lateral hydrologic connection of the 
Castile Formation and the Capitan limestone. 

Because. of the localized but widely distributed occurrence of Castile 
brines in the vicinity of the WIPP site , it has previously been assumed for 
purposes of performance assessment that Castile brine is present beneath 
the WIPP facility itself. Since the upper Castile anhydrite is 
stratigraphically 200 m or more beneath the 'll!PP facility horizon, this 
brine is of concern only in the event of a drilling intrusion which 
connects the brine occurrence · with the facility. A recent surface
geophysical survey over an area including the WIPP waste-emplacement panels 
is consistent with the presence of Castile brines beneath a portion of the 
panels. 

1.4.5 Deformation of the Castile and Salado Formations 

Borns et al. (1983) define a structurally "Disturbed Zone" (DZ) (Figure 
1 . 6) within the Castile Formation, based largely on the systematic loss of 
coherent seismic response. The deformation ~f the Castile Formation within 
the DZ involves both anhydrites and halites, and is associated with the 
known occurrences of Castile brines. Although the overall mineralogies of 
the Salado and Castile Formations are similar, the two units are layered on 

·different scales. Regional deformation of the Salado Formation is largely 
in response to regional deformation of the underlying Castile Formation . 

Recent results indicate that fluids and pressure-solution mechanisms play a 
major role in far- field deformation of both the Castile and Salado 
Formations . This has been investigated both theoretically and by 
examination of core collected in hole DOE-2. The time scale of regional 
deformation of the Salado and Castile Formations is from thousands to 
millions of years, too long to be of concern in evaluation of the future 
performance of the WIPP facility . 

Construction of the underground WIPP facility, resulting in generation of a 
large void space at a depth of 650 m within a stratigraphic section that is 
predominantly halite, results in a strong local mechanical response within 
the Salado Formation. The near-field mechanical response of the Salado 
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Formation around the YIPP facility involves both higher stresses and 
deformation rates than expected in natural or far-field deformation. At 
least during early closure, near-field creep deformation appears to involve 
mechanisms such as dislocation climb. It is presently not known when, or 
if, pressure solution will become a dominant mechanism in creep closure of 
the YIPP facility. 

Creep, however, is not the only near-field process involved in closure of 
the YIPP facility. Marker Bed 139 (MB139), approximately 1 m below the 
YIPP facility horizon, is fractured from pre-excavation processes, i.e., 
processes not related to excavation of the YIPP facility. The opening of 
these fractures, in addition to formation· of fractures within Salado 
halites, plays a significant role in the near-field structural response to 
excavation of the YIPP facility. 

Monitoring of these structural "excavation effects" is ongoing, and will 
continue through the operational phase of _ the YIPP. The time scale of 
near-field mechanical effects began with the beginning of construction of 
the YIPP facility and will continue until structural reequilibration 
following complete closure of the facility. Therefore, the time of 
interest may be 100 years or more, depending on both the long-term behavior 
of the facility and _the types and amounts of both waste and backfill that 
are emplaced. 

1.4.6 Fluid Flow within the Salado Formation 

Salado halites were assumed to be anhydrous at the time of the YIPP FEIS 
and SPDV activities, with the exception of small amounts of fluid 
inclusions and water bound up in hydrous minerals. Fluid flow into the 
YIPP facility under this assumption would be very small in volume, directly 
stress-related, and transient. Long-term steady-state fluid flow would be 
zero. 

Recent hydrologic measurements from the surface and within the YIPP 
facility, combined with geochemical studies within the facility, indicate 
that grain-boundary fluids are present within the Salado Formation, and 
that the unit should be considered as a very low-permeability material in 
which fluid residence times in the far field are on the order of millions 
of years. There are, however, major increases in both permeability and 
fluid-pressure gradients within the Salado Formation within a few meters of 
the YIPP facility at and near the facility horizon. The recent results 
suggest that, while there are major stress-related transient effects, long
term fluid flow into the facility will reach some very low but non-zero 
steady-~tate rate, and will continue until effective hydrologic closure of 
the facility. On the basis of preliminary hydrologic testing results, the 
development of an altered or disturbed zone around the YIPP shafts appears 
to be much more limited than at the facility horizon . 
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1.4.7 Present-Day Hydrolo{Y. Transport Behavior. and Geochemistry of the 
Rustler Formation 

The Culebra Dolomite Member of the Rustler Formation is the first laterally 
continuous water-bearing zone above the YIPP facility. Transport within 
the Culebra dolomite constitutes the major transport mechanism from the 
WIPP facility to the accessible environment, except for direct transport to 
the surface. Therefore, there is great interest in determining the modern 
distribution of hydraulic and nuclide-transport properties within the 
Culebra. 

The hydrologic characteristics of the Culebra dolomite are complex. The 
transmissivity of the unit varies by approximately four orders of magnitude 
at and near the WIPP site, with relatively high-transmissivity regions both 
southeast and northwest of the site center. However, the center of the 
WIPP site, including all four shaft locations, is in a region of low 
Culebra transmissivity (permeability). The relatively transmissive parts 
of the Culebra contain fractures that dominate both hydraulic and transport 
behavior on the scale of individual three-hole hydropads (approximately 
30 m between holes). If these fractures were to dominate flow and 
transport behavior on the "regional" scale conSidered here, i.e., over the 
3.2-kilometer distance between the center of the YIPP site and the boundary 
of WIPP Zone 3 (Figure 1. 2), nuclide-transport times to the accessible 
environment would be greatly decreased relative to times estimated withou~ 
considering fractures. 

Numerical modeling of Rustler hydrology through 1983 was based on testing 

• 

only at single holes and individual three-hole hydropads, and ignored • 
possible fracturing. Since 1983, two regional-scale interference tests 
have been conducted in the Culebra, one centered at the H-3 pad and one at 
hole WIPP-13 (Figure l. 2). Hydraulic effects of fracturing have been 
evaluated in detail at the H-3 and H-11 hydropads. The interpretation of 
the regional-scale multipad interference tests indicates that fracturing 
need not be included in modeling simulation of Culebra hydrologic behavior 
at this scale, since test calculations with and without fractures have 
produced very similar results. 

In addition, detai~ed calculations completed in 1987 indicate that although 
fracturing plays a major role in local or pad-scale contaminant transport 
within parts of the Culebra, radionuclide transport to the accessible 
environment can realistically be modeled using the porous -medium 
approximation, at least so long as the present pattern of head 
distributions within the Culebra is not significantly perturbed and the 
transport properties and flow paths assumed in the calculations are 
representative. This conclusion may or may not be valid in the case of a 
breach i~volving a Castile brine reservoir at high fluid pressures. 

Through 1983, numerical modeling of Rustler hydrology also ignored both the 
geochemical variability of Rustler fluids and possible effects of variable 
fluid density on directions of fluid flow. Both numerical methods and data 
bases for evaluation of groundwater flow in the region of the WIPP site 
have developed significantly since that time. Recent groundwater-flow 
calculations, which include effects of variable brine density, indicate 
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that modern fluid flow within the Culebra dolomite is generally north-south 
in the vicinity of the WIPP site. Flow rates vary greatly, being rapid 
down the axis of Nash Draw, but extremely slow across the WIPP site proper . 
While the assumption of hydrologic steady state appears adequate for 
modeling of head potentials within the Culebra dolomite, groundwater flow 
across the WIPP site within the Culebra is sufficiently slow to make the 
assumption of hydrologic steady-state inadequate for detailed modeling of 
long- term flow directions and rates. However, the changes in flow rates 
and directions as a function of time appear not to be dramatic at the WIPP 
site itself. Groundwater flow is quite slow in this area. 

As noted, Culebra fluids are quite variable. Recent work indicates that 
they can be broken into four distinct geochemical facies. The general 
distribution of fluid compositions is inconsistent with steady-state 
confined fluid flow in the present flow directions. The mineralogy of the 
Culebra dolomite is widely variable, but without sharp regional 
distinctions, since dolomite, clays, and gypsum/anhydrite are all 
widespread. Halite has not been reliably identified in Culebra core, 
except for that which may have been introduced during drilling. The 
analyzed Culebra fluid compositions form a variable but continuous 
population, all of which reflect exposure to evaporitic - rocks . 
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2.0 BELL CANYON FORMATION 

The Delaware Mountain Group is divided into the Brushy Canyon, Cherry 
Canyon, and Bell Canyon Formations, all of which are predominantly of 
shales, siltstones, and sandstones. Only the Bell Canyon is considered 
here, since it is the first regionally continuous water-bearing zone 
beneath the YIPP facility. The hydraulic behavior of the Bell Canyon is 
assumed here to be more. significant than that of underlying units in YIPP 
breach scenarios. 

There have historically been two reasons for interest in the Bell Canyon 
Formation in YIPP site characterization. First, the Bell Canyon has been 
proposed by some as a source of fluids for local or point-source 
dissolution of halite in the overlying Castile and Salado Formations. This 
mechanism and general conclusions regarding its validity at the WIPP site 
are summarized in general terms in Section 2.1, based on work completed 
through 1983. Second, it must be assumed for purposes of performance 
assessment that at least one drillhole from the surface will penetrate the 
YIPP facility. It may then be important to estimate the distribution of 
permeable zones within the Bell Canyon at the YIPP site and to- estimate 
directions of fluid flow that might result from an open borehole 
penetration that connected the Bell Canyon with fluid-bearing zones within 
the Rustler Formation, especially the Culebra dolomite. The character of 
the Bell Canyon and expected directions of fluid flow between the Culebra 
and the Bell Canyon at the W!PP site are discussed in Section 2.2. 

2.1 Potential for the Bell Canvon Formation to Serye as a Source of Fluids 
for Dissolution of Evaporites in the Castile and Salado Formations 

Anderson (1978, 1981) and Davies (1983) have proposed a major role for the 
Bell Canyon Formation in point-source dissolution of overlying evaporites. 
The proposed mechanism involves: 1) recharge of halite-unsaturated fluids 
to the Bell Canyon Formation from the Capitan limestone; 2) upward movement 
of these fluids into (at least) the lower halite of the Castile Formation; 
3) halite dissolution within the Castile Formation; 4) subsidence and 
disruption of the Castile and overlying Salado Formations as a result of 
halite dissolution; 5) downward flow of halite-saturated brines back into 
the Bell Canyon Formation; and 6) removal of brines through the Bell Canyon 
Formation. An important characteristic of this hypothesis proposal is that 
it is not possible to predict localities of future point-source evaporite 
dissolution. 

Wood et al. (1982), as part of the YIPP SPDV studies, addressed the 
potential. fo; fluids within the upper Bell Canyon Formation to dissolve 
evaporites within the Castile Formation. For this evaluation, it is 
assumed that: 1) a permeable sandstone is present at the top of the Bell 
Canyon Formation, i.e., a Ramsey channel sand (Figure 1.3); 2) the 
effective thickness of the sandstone is 30 m; and 3) the transmissivity of 
the sandstone ranges from 1.0 x 10-6 to 2.8 x 10-6 m2js. Any decrease in 
sandstone permeability or shifting of the sandstone to positions below the 
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top of the Bell Canyon would reduce the potential for dissolution of 
overlying evaporites . 

For the range of hydraulic properties and gradients considered, and 
assuming the Ramsey sand is at the top of the Bell Canyon, \Jood et al. 
(1982) conclude that: 

1. Except at locations adjacent to the Capitan limestone, only 
diffusional dissolution is possible directly above . the Bell Canyon. 
Salt directly above the top of the Bell Canyon, assuming diffusional 
processes, is calculated to dissolve at a vertical rate of 
approximately 0. 003 m per 10,000 years. This would have negligible 
effect on the YIPP facility. 

2. Allowing for an order-of-magnitude increase in flow velocities 
within the Bell Canyon Formation, dissolution would still be too slow 
to maintain open cavities within Castile halites at depth. Such 
cavities are required to maintain the high-permeability pathways 
necessary for dissolution due to the density-flow mechanism outlined 
above. 

3. Even allowing for the maximum potential dissolution rates at the 
top of the Bell Canyon from both diffusive and convective mechanisms, 
no significant evaporite dissolution as a result of fluid flow from 
within the Bell Canyon should be observed at the YIPP facility for at 
least 10,000 years . 

In addition, Lambert (1983) concludes that the Bell Canyon Formation itself 
shows no evidence of either modern hydraulic connection with a source of 
halite-unsaturated fluids (such as the Capitan limestone) or any effective 
path for brines to exit the Delaware Basin. Instead, Lambert interprets 
the Bell Canyon fluids as having very long residence times and concludes 
that their compositions reflect extensive rock-water interaction, evolving 
isotopically and geochemically away from compositions representative of 
meteoric recharge. 

Thus, studies at the end of the YIPP SPDV phase indicated that the Bell 
Canyon Formation was not dissolving evaporites near the YIPP site. As 
discussed in Section 3. 0, however, this question was later investigated 
directly by the drilling, coring, and hydrologic testing of hole DOE-2, 
near the northern boundary of YIPP Zone 3 (Figure 1.2). 

2~2 Expected Directions of Fluid Flow Between the Bell Canyon and 
Rustler Formations 

The information on freshwater-equivalent heads in the Rustler and Bell 
Canyon Formations available through 1983 is summarized in Mercer (1983). 
At that time, the freshwater head within the Bell Canyon Formation at the 
center of the WIPP site, approximately 1040 m AMSL, was 120 m greater than 
the expected freshwater head in the Culebra dolomite at the same location, 
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approximately 920 m AMSL. (All elevations here are given relative to mean 
sea level . ) This is consistent with the assumption made in the WIPP FEIS 
(U.S . Department of Energy, 1980) that fluid flow would be upwards into the 
Rustler if the Bell Canyon and Rustler were interconnected in an open hole. 
However, this "conservative" assumption, i.e., the assumption with most 
apparent impact to YIPP performance assessment, neglects: a) the original 
density of fluids in the Bell Canyon and Culebra; b) possible increases in 
both Bell Canyon and Culebra fluid densities due to dissolution of halite 
within the Salado Formation; c) possible effects of fluid potentials 
within the Salado Formation or elsewhere within the Rustler Formation; and 
d) possible changes in fluid density as a result of entrainment of waste 
from within the YIPP facility. 

In the event of a drillhole breach interconnecting the Bell Canyon, 
Castile, Salado, and Rustler Formations, it is reasonable to assume that 
local dissolution of halite within the Salado Formation would take /lace, 
resulting in an average fluid density of approximately 1.2 g/cm , the 
approximate density of saturated NaCl brine. Under this assumption , Bell 
Canyon brine at the center of the YIPP site would stand to an elevation of 
approximately 835 m in an open hole, some 445 m above the WIPP facility, 
but approximately 210 m below land surface, and more than 200 m lower than 
the Bell Canyon freshwater-equivalent head of approximately 1040 m. 
Assuming that local halite dissolution within the Rustler or upper portion 
of the Salado Formations led to a final density of Culebra brine of 
1. 2 g/cm3, the Culebra near the center of the WIPP site would support a 
column of brine to an elevation of approximately 900 m, 20 meters below the 
freshwater-equivalent head within the Culebra, but some 65 m higher than 
supported by the underlying Bell Canyon Formation. 

Therefore, if brine saturation by halite dissolution is considered, the 
data available as of 1983 are consistent with the interpretation that 
interconnection of the Bell Canyon Formation and the Culebra dolomite in an 
open drillhole through the YIPP facility should result in downward movement 
of contaminated brine into the Bell Canyon Formation. However, the 
calculated direction of fluid flow depends on assumed fluid densities. 
Fluid might move upward until the Bell Canyon and Culebra fluids were 
saturated with halite, at which time downward flow would begin . In 
addition, these results depend on the assumption that no significant fluid 
or gas pressures are generated within the Salado Formation or YIPP 
facility . As of 1983, however, predicted directions of fluid flow were 
limited in reliability, because heads and fluid densities in the Culebra 
dolomite and Bell Canyon Formation had not been measured together in the 
same hole . Two holes penetrating the Bell Canyon Formation very near the 
YIPP site have since been drilled and/or hydrologically tested . The 
resul es fzom hole Cabin Baby-1 are discussed in Section 2. 2 .1, and those 
from hole DOE-2 in Section 2 . 2.2 . 

2.2 . 1 Results from Hole Cabin Baby-1 

Cabin Ba.by-1, a hydrocarbon exploration hole, was originally drilled 
through the Castile Formation and the upper 35 m of the Bell Canyon 
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Formation in 1974 and 1975. At that time, all of the Ramsey and part of 
the Olds members of the Bell Canyon were penetrated. The hole depth at 
that time . was 1265 m below land surface. As described in Beauheim et al. 
{1983b), the hole was deepened to a total depth of 1308 min 1983 to allow 
hydrologic testing, fluid sampling, and monitoring of Bell Canyon fluid 
levels. The deepening allowed testing of most of the Hays sandstone member 
underlying the Olds, in addition to all of the Olds and Ramsey members. 

The results of hydrologic testing of the Bell Canyon in Cabin Baby-1 and 
DOE-2 are summarized in Table 2.1. Only the lowermost "sand" member of the 
Bell Canyon, the Hays, is significantly permeable in Cabin Baby-1, with an 
interpreted transmissivity of between 1.7 x lo-7 and 5.1 x lo-7 m2;s. The 
description of the Hays member by Beauheim et al. (1983b) indicates that it 
is siltstone. The estimated transmissivities of the overlying Olds and 
Ramsey members are less than 10·8 m2;s. Core from the Ramsey member is not 
available from Cabin Baby-1. 

Table 2.1: Summary of hydrologic test results from the Bell Canyon 
Formation in Cabin Baby-1 and DOE- 2. Data from Table 6 of 
Beauheim et al. {1983b) and Table 7-2 of Beauheim {1986). 

Effective 
Test Interval 

{m blg) Unit K(md) T(m2/s) 

Cabin Baby 

1230-1246 Lamar 6 x lo-4 5.7 x 1o-11 

1247-1257 Ramsey 2.3 X 10-2 - 8.7 x 1o-2 1.7 x lo-9 - 6.3 X l0-9 

1259-1269 Olds 2.2 X 10·2 - 8.2 x 1o-2 2.1 X lo-9 - 7.9 x 1o·9 

1271-1308 Hays 0.57 - 1. 7 1.7 x 1o-1 · 5.1 X 1Q•7 

DOE-2 

1263-1272 Ramsey 8.4 X 10·2 · 9.4 X 1o-2 5.8 X 1o·9 - 6.5 X 1o-9 

1276-1285 Olds 9.8 X 10·2 - 0.11 7.1 x lo-9 - 8.2 X lo-9 
" 1297-1318 Hays 2.3 - 2.4 5.7 x lo-7 · 6.0 X lo-7 

Fluid samples were successfully collected from the Hays and Olds members of 
the Bell Canyon in Cabin Baby-1, as was a mixed sample from the entire 
exposed Bell Canyon. The presence of the tracer added to the drilling 
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fluid indicates that all of the water samples are slightly contaminated 
with drilling fluid. Therefore, the reported specific gravity of fluid 
from the Hays sandstone (1.120 - 1.134) may be slightly too high (Beauheim 
et al., 1983b) . 

At the end of operations in 1983, the penetrated portion of the Bell Canyon 
in Cabin Baby-1 was isolated by a packer emplaced in the lower anhydrite of 
the Castile Formation, and a monitoring tube was installed to the surface 
to allow long-term monitoring of a composite Bell Canyon fluid . level. As 
of October 1986, the composite Bell Canyon fluid level in Cabin Baby-1 was 
stabilized at an elevation of approximately 920 m (Saulnier et al., 1987). 
Assuming that a specific gravity of 1 . 12 represents Bell Canyon fluids in 
the hole, and that the fluid column is supported by the effective pressure 
at the top of the Hays member at an elevation of -255 m, the calculated 
pressure at this elevation is 12.81 MPa. This pressure in the Bell Canyon 
in Cabin Baby-1 would support a column of brine having a density of 1 . 20 
g/cm3 to an elevation of 842 m. 

Culebra fluid pressures and properties in Cabin Baby-1 are contained in 
LaVenue et al. (1988). These results indicate a Culebra freshwater
equivalent head of approximately 913 m. At the elevation of the base of 
the Culebra in this hole, approximately 856 m, this requires a fluid 
pressure of approximately 0 . 55 MPa. Assuming a final brine density of 
1.2 g/cm3 after halite dissolution, this is equivalent to a brine column 
supported to an elevation of 903 m. 

The expected saturated-brine head in the Culebra in Cabin Baby-1, 903 m, is 
61 m higher than the composite saturated-brine head in the Bell Canyon in 
the same hole, 842 m. Thus, under the assumptions used here and consistent 
with extrapolations from regional data available as of 1983, the final 
direction of fluid flow in the event of an open drillhole interconnecting 
the Bell Canyon and Salado Formations with the Culebra dolomite at Cabin 
Baby-1 would be downward. 

2 . 2.2 Results from Hole DOE-2 

Hole DOE-2, located near the center of the northern boundary of YIPP Zone 3 
(Figure 1.2), was drilled in two stages to a total depth of 1318 m, between 
August 1984 and June 1985 (Mercer et al., 1987) . In addition to the 
shallower units in the hole, the Ramsey , Olds, and Hays "sandstone" members 
of the Bell Canyon Formation were hydrologically tested (Table 2 .1), as 
described by Beauheim (1986). 

The resul.ts .Pf testing in DOE-2 are similar to those in Cabin Baby-1, in 
which the lower "sand, • the Hays, is the only unit with appreciable 
permeability or transmissivitJ. Estimated transmissivities for the Hays in 
DOE- 2 range from 5. 7 x 10· to 6 . 0 x lo-7 m2;s, similar to the upper 
estimate of transmissivity for the same zone in Cabin Baby-1. Estimated 
transmissivities of the Ramsey and Olds members in DOE·2 range only from 
5 . 8 x 10·9 to 8.2 x 10·9 m2;s, similar to the upper range of estimated 
transmissivities for the same members in Cabin Baby-1. The lithologic log 
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contained in Mercer et al. (1987) indicates that all three members are 
fine-grained sandstones, rather than siltstone . 

After hydrologic testing, the Bell Canyon in DOE-2 was isolated for 
monitoring of a composite fluid level (Beauheim, 1986) . . As of March 1986 , 
the composite fluid level had "stabilized" at an elevation of approximately 
925 m. Assuming that the measured specific gravity of 1.10 (Mercer et al . , 
1987) is representative for the Bell Canyon fluids, and that the composite 
Bell Canyon head is controlled by fluid pressures at the top of the Hays 
member at an elevation of -243 m, this requires a fluid pressure of 
12.5 MPa at this elevation. This pressure would support a column of brine 
having a density of 1.2 g/cm3 to an elevation of approximately 827 m. 

The Culebra freshwater-equivalent head in DOE-2 is approximately 934 m 
(LaVenue et al., 1988). Using the measured fluid density of 1.04 g/cm3 
(Uhland et al., 1987) for the Culebra in DOE-2, a freshwater-equivalent 
head of 934 m requires a pressure of 1.47 MPa at the base of the Culebra, 
at an elevation of 784 m. Assuming a final Culebra brine density of 
1.2 g/cm3 following halite dissolution, the Culebra-fluid pressure at DOE - 2 
would support a brine column of density 1. 2 g/cm3 to an elevation of 
approximately 909 m, 82 m higher than supported by the composite Bell 
Canyon head in the same hole . Under the assumptions used here, the final 
direction of fluid flow in the event of an open hole interconnecting the 
Bell Canyon, Salado, and Culebra at DOE-2 would be downward. 

Yood et al. (1982) estimate that the transmissivities of sandstones within 
the Bell Canyon Formation normally range from 1. 0 x 10·6 to 2. 8 x 
10·6 m2js, although they report a maximum value of 1.7 x 10-S m2;s. This 
range is approximately one order of magnitude greater than the transmis
sivity of the Hays member in Cabin Baby-1 and DOE-2, and more than two 
orders of magnitude greater than the transmissivities measured in the Olds 
and Ramsey members in the same holes. Therefore, the Ramsey member in 
Cabin Baby-1 and DOE-2 does not appear to be part of one of the channel 
sands shown in Figure 1.3. Given that Cabin Baby-1 and DOE-2 are the only 
two holes very near to YIPP Zone 3 that penetrate the Bell Canyon, this 
result does not guarantee that no channel sandstone is present in the Bell 
Canyon beneath the YIPP site. Given the general trend of the channel sands 
shown in Figure 1.3, it does suggest that any channel sand present would 
have to be at least as narrow as the sand shown at the eastern edge of the 
YIPP site. Cabin Baby-1 lies along the trend of this sand , however, 
indicating that this channel is not continuous towards the southwest . 

The recent results in both DOE-2 and Cabin Baby-1 are consistent with the 
conclusion that the final direction of fluid flow resulting from 
interconnection of the Bell Canyon Formation and the Culebra dolomite at or 
near the YIPP site would be downwards into the Bell Canyon, contrary to 
assumptions maintained in the YIPP FEIS . There are some · limitations to 
this conclusion . There might be upward fluid movement until the Bell 
Canyon and Culebra fluids became essentially saturated with bali te, ac 
which time downward flow would begin . In addition, these results depend on 
the assumption that flow rates wiLhin the Bell Canyon and Culebra dominate 
any fluid pressures generated within the Salado Formation. This assumption 
appears generally valid, however, given the low fluid-flow rates normally 
encountered within the Salado Formation (Section 3 . 0). 
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3. 0 CASTILE AND SALADO FORMATIONS 

The major halite-bearing units at and near the tliPP site are the Castile 
and Salado Formations. Both units contain halites of varying purity and 
thickness. The two halites within the Castile Formation are normally 
thick, contain abundant sulfate/carbonate laminae, and are separated by two 
relatively thick anhydrites. The bedded halites within the Salado 
Formation contain accessory minerals such as polyhalite, clay, and 
anhydrite, and are separated by numerous anhydritic marker beds and related 
clay seams. Locally the middle portion of the Salado Forma don contains 
commercial potash mineralization, at a level so~e 300 m stratigraphically 
above the tliPP facility horizon. The underground workings in the WIPP 
facility are being developed at a depth of approximately 655 m within 
bedded halites and anhydrites in the lower Salado. The halitic interval 
containing the tliPP facility horizon is approximately 8 m thick, and is 
situated between anhydrite marker beds MB138 and MB139. The Castile and 
Salado Formations are discussed together here, since halite is a major 
component of both, and many of the processes of interest involve both 
units. 

The Castile Formation overlies the Bell Canyon Formation (Delaware Mountain 
Group) . Near the \llPP site, the Castile normally contains a sequence of 
three thick anhydrites (Anhydrite I at the bottom and Anhydrite III at the 
top), separated by two thick halites (Halites I and II). The thickness of 
the Castile Formation at and near the WIPP site is approximately 400 m. 
Anderson et al. (1972) provide a general stratigraphic description of the 
Castile, including the more than 200,000 sulfate/carbonate laminae that 
occur throughout both halites and anhydrites within the unit. Bedding 
within Casdle anhydrites · ranges from massive (approximately 3.0 m) to 
laminar (see, for example, Mercer et al., 1987). Individual beds in the 
Salado are often 1 m thick or less. The unit nominally contains 45 
anhydrite marker beds, numbered from Marker Bed 101 (MB101) to MB145 with 
increasing depth. The Salado Formation is about 600 m thick at the WIPP 
site. 

In some areas, both total thickness and the thickness of stratigraphic 
intervals within the Castile and Salado Formations are variable. The 
origin and timing of this variability are discussed in Section 3.1. This 
variability has played a significant role in tliPP site characterization, 
since variable halite (and anhydrite) thicknesses could have at least three 
origins: 

1. Initial depositional variability (e.g., Lambert, 1983; Borns and 
Shaffer, 1985). 

~ 

2. Gravity-driven deformation, in which dense anhydrites sink into 
less dense halites, with compensating formation of salt-cored domes or 
anticlines (Borns et al., 1983; Borns and Shaffer, 1985). 

3. Evaporite dissolution, by which halites are preferentially 
dissolved by contact with unsaturated groundwaters (Anderson, 1978; 
Davies, 1983). 
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Significant volumes of fluid are not normally encountered in drilling 
either the Castile or Salado. There are exceptions, however. Highly 
pressurized brines have been encountered in the uppermost Castile anhydrite 
in some hydrocarbon-exploration and stratigraphic test holes near the YIPP 
site (Figure 1.6). These fluids are under sufficient pressure to flow to 
the land surface. The origin and distribution of Castile brines at and 
near the YIPP site is discussed in Section 3.2. 

As mentioned previously, the YIPP facility is presently being developed 
within the bedded halites and anhydrites of the lower Salado Formation. In 
order to place the WIPP facility within a proper regional perspective, it 
is necessary to characterize the behavior -of the Salado Formation on both 
the regional scale and adjacent to the WIPP facility itself. The charac
teristics of the Salado are locally different as a result of "excavation 
effects" from construction of the WIPP facility. These transient effects 
demonstrably occur on time scales of interest in performance assessment. 
Recent studies examining the structural, hydrologic, and geochemical 
characteristics of the Salado Formation in and near the WIPP facility are 
discussed in Section 3.3. These studies are progressing, and will play a 
critical part in monitoring the behavior of the WIPP facility during the 
operational phase. The discussion of these activities is preliminary. 

3.1 Regional and L9cal Variability. Deformation, and Dissolution 
of the Castile and Salado Formations 

3.1.1 Regional Relationships and Behavior 

As mentioned above, both aggregate and internal thicknesses within the 
Castile and Salado Formations vary locally. The variability near the WIPP 
site is shown in Figure 3.1. Holes WIPP-12, DOE-2, and WIPP·ll lie. within 
the southern part of the Castile "Disturbed Zone" (DZ) shown in Figure 1.6, 
while hole Cabin Baby-1 lies outside this zone. Since ~A-9 penetrates 
only the upper portion of the Castile Formation, the possible extension of 
the DZ beneath the WIPP facility has not been determined by drilling. The 
Castile and Salado Formations in hole Cabin Baby-1 are assumed here to 
represent the •undisturbed• character of these units near the WIPP site. 

In the cross section shown in Figure 3.1 ,· the total thickness of the 
Castile is known only in holes Cabin Baby-1 and DOE-2. The Castile is 409 
m thick in Cabin Baby-1 and 302 m thick in DOE-2. The apparent thickness 
of Anhydrite I is 72 m in Cabin Baby-1 and 80 m in DOE-2. Therefore, we 
assume here that the thickness of Anhydrite I is not significantly variable 
on the scale of the WIPP site, and that, south of DOE-2, Anhydrite I is not 
str~mgly involved in structures within the Castile and overlying Salado. 
Apparent stratigraphic thicknesses from the top of the Castile to the top 
of Anhydrite I range from 222 m at DOE-2 to 372 m at WIPP-11. The assumed 
undisturbed thickness, that at Cabin Baby-1, is 337 m. 

Much of the variability within the Castile Formation in Figure 3.1 is in 
halite thickness. For example, the anomalously thick Castile at WIPP-11 
includes a thickness of 311 m for Halites I and II, compared with a 
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thickness of 167 m for the same units in Cabin Baby-1. At the other 
extreme, a total of only 2 m of Castile halite is present in DOE-2; Halite 
II is completely missing. 

However, Anhydrites II and III also vary in thickness. '!heir total 
apparent thickness (drilled thickness, ignoring dip) in YIPP-11 is 61 m, 
compared to 219 m in DOE-2. Both values differ significantly from the 
total thickness of the two units in Cabin Baby-1, 170 m. These 
relationships indicate that, at least locally, anomalously thick halites 
within the Castile Formation are combined with anomalously thin anhydrites. 
Conversely, anomalously thin Castile halite, as ~n DOE-2, is combined with 
anomalously thick anhydrite. These results are inconsistent with halite 
dissolution being the only cause of variability in the thickness of the 
Castile Formation at the WlPP site. 

Locally, the antithetic relations between anhydrite and halite thicknesses 
within the Castile are consistent with a similar relationship between 
overall thicknesses of the Salado and Castile Formations. The Salado is 
625 m thick at Cabin Baby-1 and 602 m thick in ERDA-9. Howeve~, at WIPP-11 
and YIPP-12, where the underlying Castile is anomalously thick, the Salado 
is unusually thin, 420 and 540 m, respectively. On the other hand, the 
Castile is relatively thin at DOE-2, and the apparent thickness of the 
Salado at DOE-2 is 647 m, greater than at either Cabin Baby-1 or ERDA-9. 

• 

Thus, the variable thicknesses of the combined Salado and Castile Forma
tions at and near the YIPP site appear due to internally compensating 
variations in thicknesses of both anhydrites and halites. The origin of 
compensating anhydrite and halite thicknesses may be either depositional, • 
as suggested by Lambert (1983) and Borns and Shaffer (1985), ·or a conse-
quence of later gravity-driven deformation, as discussed in Borns et al. 
(1983). The_ Castile and Salado variability considered here at the YIPI' 
site proper is very similar to that considered by Borns and Shaffer (1985) 
at ~~e Poker Lake structures well south of the YIPP. 

There is considerable evidence for both syndepositional and postdepo
sitional deformation within the Castile Formation, as summarized by Borns 
et al. (1983) and Borns (1983). These authors distinguish three stages of 
deformation, listed in the sequence of development: 

1. Formation of discontinuous isoclinal folds interpreted to be 
approximately syndepositional in age, i.e., to have occurred in soft 
sediments. These structures include displacive crystal growth in both 
anhydrites and carbonate laminae. Characteristically, the syndeposi
tional structures are confined to a single layer, and may include 
disru~tion of the affected layer. 

2. Asymmetric folding, including formation of crenulation cleavage, 
boudinage (separation) of carbonates, and convolute folding of 
anhydrite stringers within halites. Borns (1983) attributes a 
widespread subhorizontal fabric within Castile halites to folding at 
this stage. The axial planes of convolute folds in anhydrite stringers 
within Halites I and II are also subhorizontal. Borns (1983) 
interprets these relations to indicate that major deformation within • 
the Castile often involves lateral movement of halite. 
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3. Late-stage near-vertical fractures and veins, which cross-cut: 
earlier struceures. These fractures may be either open, or filled with 
halite, anhydrite, and/or gypsum. 

Syndeposit:ional deformation was probably driven by gravity acting on 
original depositional slopes, or by responses to density contrasts within 
still-soft sediments. Borns et al. (1983) attribute later deformation to 
some combination of direct gravity-driven deformation resulting from 
deposition of dense anhydrites over less-dense halites and regional tilting 
of the Delaware Basin. On the large scale, the gravitic driving force for 
internal deformation of the Castile and overlying Salado Formations is 
clear. Above Anhydrite I, the Castile includes ewo thick anhydrites, with 
densities of approximately 2.95 g/cm3. Each unit was deposited above thick 
halite with a density of 2.2 to 2.25 g/cm3. Modeling discussed in Borns et 
al. (1983) indicates that, for the relatively thick-bedded Castile, these 
density contrasts should be sufficient to drive deformation in which the 
anhydrites effectively sink into underlying halites. Layering within the 
Salado is too thin to support such deformation; the Salado structures 
appear essentially to follow those in the underlying Castile as a rela
tively passive marker. 

However, a driving force for deformation can be effective only if there are 
appropriate deformation mechanisms operating in the rocks involved. There 
have been three major studies into possible deformation mechanisms within 
the halites of the Castile and Salado. Munson (1979) assumed that deforma
tion within the units is anhydrous. Munson concludes (Figure 3.3) that 
deformation under generic conditions for either a high-level-waste or TRU 
facility in halite would occur by an undefined mechanism, except at rela· 
tively high stress levels. At high stress levels, deformation would be 
dominated by creep mechanisms involving dislocation climb. 

In contrast, Borns et al. (1983) associate structures within deformed 
portions of the Castile and Salado with the presence of fluids, and 
conclude that pressure solution plays a major role in controlling the 
regional deformation of both units. During pressure solution, deformation 
proceeds as a result of the migration of mineral constituents from regions 
of high stress to regions of low stress by means of diffusion through 
grain-boundary fluids. In the interpretation of Sorns et al. (1983), the 
participation of fluids during deformation of the Castile and Salado 
Formations is indicated by veins containing both halite and anhydrite, as 
well as by anhydrite recrystallization in stress shadows. Recent studies 
of fluid contents within Salado halites indicate contents of as high as 2 
weight percent (see Section 3.3), more than required for pressure solution 
to be operative (Sorns, 1987b). 

Borns (1987b) estimates deformation fields for halite, including pressure 
solution as a deformation mechanism (Figure 3.4). Field "C" in this figure 
includes the temperature and stress regimes estimated for regional 
deformation at and near the WIPP site by Borns et al. (1983), while field 
"B" is an analogous field for natural deformation of halites estimated by 
Carter and Hansen (1983) and Heard (1972). Pressure solution plays a major 
role in halite deformation within the conditions of both fields and assumed 
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material properties, so long as the volumetric strain rate is not greater 
than approximately lo-13 s·l. As discussed by Borns (1987b), the maximum 
strain rates at which pressure solution is a dominant deformation mechanism • 
depend on the character and thickness of the grain-boundary fluids. 

The estimated strain rates for far-field deformation at the YIPP site, not 
including near- field deformation around the YIPP facility itself, are 
consistent with pressure solution. Based on a range of estimated strain 
rates of between 3 x lo-14 and lo-16 s-1, the range of times calculated for 
formation of the YIPP-12 anticlinal structure, estimated to have undergone 
1% volumetric strain, is 1.1 x 104 to 106 years (Borns et al., 1983). Near 
an underground facility such as · the \liPP facility, however, early-time 
strain rates are probably too rapid for pressure solution to be a major 
deformation mechanism. Reported volumetric strain rates in such a setting 
are as high as 10-11 s·l (Borns, 1987b), and may be even higher during 
initial transient closure. 

In summary, the understanding of far-field deformation within the Castile 
and Salado Formations is consistent with the interpretations that: 

1. Pressure solution, in which deformation results from mineral 
constituents being transported from high-stress to low-stress domains 
by means of an intergranular fluid or film, plays a major role in 
regional deformation of evaporites at and near the YIPP site. Since 
only approximately 0. 2 volume percent {0 .1 weight percent) fluid is 
required for pressure solution to be operative in halite, more than 
enough fluid is present within the Salado and Castile Formations at and 
near the YIPP site. 

2. Much of the deformation within the DZ may have been effectively 
syndepositional (i.e., Permian) in age, although this is not the last 
period of deformation that has taken place. · 

3. The driving force behind regional-scale evaporite deformation at 
and near the YIPP is gravitational, due to the depositional emplacement 
of dense anhydrites over less dense halites. There is, however, a 
regional overprinting due to Pleistocene tilting of the entire northern 
Delaware Basin. 

4. Deformation such as that known to occur within the DZ, even if it 
does progress toward the \liPP, is unlikely to reach the YIPP site 
within 104 years, the minimum estimated time required for formation of 
the YIPP-12 structure. 

5 . . I~ is not known whether or when pressure solution will become an 
important mechanism in closure of the YIPP facility itself. At early 
times close to the facility, i.e., at relatively high stresses and 
deformation rates, aechanisms involving dislocation climb (and 
fracturing) should dominate. At later times and/or at greater 
distances from the underground workings, i.e. , at lower stresses and 
deformation rates, pressure solution may dominate. 
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3.1.2 Ibe DOE-2 Structure 

The recognition of gravity as a driving force for regional-scale 
deformation of the Castile and Salado Formations and the probable role of 
pressure solution in such deformation does not rule out the possibility of 
halite removal by dissolution. The absence of halite within the Castile in 
the western part of the Delaware Basin (Figure 1.4) is interpreted as 
partly due to halite dissolution in response to regional tilting and uplift 
of the basin. However, as summarized by Neill et al. ( 1983) , there is 
generally agreement that blanket or stratabound dissolution within the 
Castile and Salado Formations is not a feasible mechanism for breach of the 
\liPP facility on the regulatory time frame. Regional-scale evaporite 
dissolution within the Castile and Salado Formations is not discussed 
further here. 

Both Anderson (1978, 1981) and Davies (1983) proposed that evaporites in 
the Castile and/or Salado Formations may be locally dissolved by halite
unsaturated fluids moving upwards from the Bell Canyon Formation (see 
Section 2. 0). Subsidence of the overlying evaporites, especially the 
Salado Formation, would result. Hole DOE-2 was drilled specifically to 
investigate a depression in MB124 in the middle portion of the Salado 
Formation (Figure 3.1; see also Figure 2-2 of Mercer et al., 1987). 
However, the DOE- 2 structure is interpreted as being due to lateral and 
vertical deformation of the Castile and Salado Formations, rather than 
evaporite dissolution .. 

The expected positign of the top of the Castile Formation (Anhydrite III) 
in DOE-2 was at an elevation of between 230 and 260m. However, the top of 
the Castile in DOE-2 was aceually at an elevation of 102 m, more than 120 m 
lower. The base of the Castile in DOE- 2, at an elevation of -199 m, is 
consistent with regional trends, indicating that the structure does not 
extend below the top of Anhydrite I. 

Laminae within the upper Castile anhydrite in DOE-2 are strongly deformed, 
with vertical bedding and discontinuous folds at various depths (Mercer et 
al., 1987; Borns, 1987a). These structures are consistent with syndepo
sitional deformation. Other structures seen in the Salado and Castile 
Formations in D0£-2, such as pull-apart structures and fibrous vein infil
lings, are interpreted by Borns as postdepositional. As noted by Borns 
(1987a), removal of Castile halite from DOE-2 by dissolution should have 
left in place many of the anhydrite •laminae• originally present in Halites 
I and II. No such dissolution residues were identified in core collected 
in hole DOE-2. The very thin Castile halite in DOE-2 (approximately 2 m) 
is compensated by unusually thick halites within the overlying Salado 
Formation. As shown in Figure 3.1 and noted in Table 3-3 of Mercer et al. 

· (1987), halites within the informal lower member of the Salado Formation 
(from MB126 to the top of the Castile) in hole D0£-2 are 96 m thicker than 
in the same stratigraphic interval in hole WIPP-12, and 204 m thicker than 
in WIPP-ll. 

The DOE-2 structure is interpreted as being due to both lateral and 
vertical deformation of the Castile and Salado Formations, rather than to 
evaporite dissolution. The structural understanding of the Salado and 
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Castile does not allow prediction of where such a structure might develop 
in the future. Drilling and testing of hole DOE-2 indicates that no such 
structure remains unexamined at and near the ~PP site. Estimated times 
required for 1\ strain in the structure at YIPP-12 indicates, however, that 
the time required for generation of a significant structure as a result of 
gravitationally driven deformation probably exceeds the 10,000-year time 
frame of regulatory interest. 

3.2 Occurrence and Ori,in of Pressurized Brines witbin Anhydrites 
of the Castile Formation 

Uncertainties about the original thicknesses, rates of gravity-driven 
deformation, and regional and local dissolution rates of Castile halites 
relate to natural phenomena affecting the reliability of long-term 
extrapolations of YIPP performance. One issue, the possible presence of 
pressurized Castile brines beneath the ~pp facility itself, plays a direct 
role .in evaluation of the possible consequences of human intrusion into the 
YIPP facility. This is because, when encountered in drillholes, such 
brines can rise to the land surface; they would be capable of directly 
transmitting entrained waste to both the Rustler and the land surface. A 
geophysical survey conducted in 1987 indicates that Castile brines may be 
present beneath a portion of the ~pp waste-emplacement panels, consistent 
with previous assumptions made in ~PP performance assessment. 

The known occurrences of Castile brines in the northern Delaware Basin as 
of 1983 (Figure 1.6) are taken from Popielak et al. (1983) . Brines have 
been encountered in fractured Castile anhydrites in several hydrocarbon
exploration drillholes both north and northeast of the ~pp site, between 
the YIPP site and the margin of the Delaware Basin. In addition, Castile 
brines were encountered southwest of ~pp in the Belco well, approximately 
6. 5 km from the center of the site. During WIPP site characterization, 
pressurized Castile brines have been encountered in holes ~PP-12, approxi
mately l. 6 km north of the site center, and ERDA-6, approximately 8 lcm 
northeast of the site center. 

Brine volumes in the two occurrences have been estimated on the basis of 
flow tests and drillstem testing, but remain somewhat uncertain because of 
limited early flow data and . the assumptions necessary concerning both 
fracture porosity and rock-mass compressibility in the absence of 
observation holes. Estimated brine volumes in the two occurrences range 
between 9.5 x 103 and lOS barrels for ERDA-6 and between 5 x 106 and 17 x 
106 barrels for the YIPP-12 occurrence (Popielak et al., 1983; Neill et 
al., 1983). 

Because of the apparent large volume of the lJIPP-12 reservoir, it is 
reasonable to postulate that this reservoir extends beneath all or part of 
the YIPP facility. However, geophysical studies prior to 1983 were 
unsuccessful in determining whether or not Castile brines were present 
beneath the YIPP facility (Borns et al., 1983). Nonetheless, as a result 
of the occurrence of Castile brine in WIPP-12, it was assumed through 1983 
that these brines were present beneath the YIPP facility (Channell, 1982; 
Bard, 1982; Case et al., 1982). A geophysical survey using transient 
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electromagnetic methods was made directly over the W!PP waste-emplacement 
panels in 1987 (Earth Technology, 1987), to determine the presence or 
absence of Castile brines beneath the facility. The results contained in 
Earth Technology (1987) are summarized in Figures 3.5 and 3.6. 

As discussed in Section 2.0, the WIPP is underlaid by the Bell Canyon 
Formation. While the permeability of the upper portion of the Bell Canyon 
Formation is variable, the entire unit appears to be a good electrical 
conductor. Therefore, the dominant conductive layer beneath the WIPP 
facility appears to be the Bell Canyon. However, the apparent variations 
in depth to the first major conductor appear to exceed the estimated depth 
uncertainty for the geophysical method used, 75 m (Figure 3.6). At some of 
the locations, the interpreted depth to the first major conductor lies 
significantly above the depth of the top of the Bell Canyon Formation, 
i.e., within the Castile Formation. On the basis of this interpretation, 
brine may be present within the Castile Formation under part of the area 
outlined by the WIPP waste-emplacement panels (Earth Technology, 1987). 

However, the combination of the depths to the first major conductor 
indicated in Figure 3. 5 and stratigraphic depths indicated in Figure 3.1 
suggests that the brine occurrence is limited. The depth to the top of the 
Bell Canyon is 1230 m in Cabin Baby·l and approximately 1250 m in ERDA- 9 
(assuming linear variation between Cabin Baby-1 and DOE-2). Therefore, 
conductor depths greater than 1300 m in Figure 3.5 almost certainly reflect 
the Bell Canyon Formation. At the other limit, the depth to the bottom of 
the Salado is 861 m in ERDA-9 and 821 m in Cabin Baby-1. Since the minimum 
interpreted depth to the conductor is 988 m, the conductor does not appear 
to be within the Salado Formation anywhere in the surveyed area. The depth 
to the bottom of Anhydrite III is 959 m in Cabin Baby-1, and is assumed to 
be approximately 950 m in ERDA-9. Assuming 75 m vertical uncertainty in 
the geophysical soundings, this implies that apparent conductor depths of 
less than approximately 1025 m are consistent with brine occurrence within 
Anhydrite III. This interpretation suggests that brine is present within 
Anhydrite III under only the furthest northern and northeastern parts of 
the waste-emplacement panels. To date, pressurized Castile brines have 
been found only within fractured portions of the uppermost anhydrite 
present, Anhydrite II in ERDA-6 and Anhydrite III in WIPP-12. 

The results shown in Figure 3. 5 are based on one-dimensional modeling. 
Preliminary attempts at three-dimensional interpretation of the results 
indicate that the lateral resolution of the interpretation cannot be 
improved by more complex modeling approaches. Therefore, the "conserva
tive" interpretation is that Castile brines are present beneath at least 
the northern portion of the WIPP waste-emplacement panels, consistent with 
both the most recent work and earlier assumptions. 

Two basic hypotheses have been put forward to account for the occurrences 
of Castile brines: 

1. Migration of connate Castile fluids into fractured anhydrites as a 
result of local deformation (Borns et al., 1983; Popielak et al., 
1983) . 
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2. Isolation of meteoric waters within fractured anhydrites following 
episodic hydrologic connection of the Castile with the Capitan 
limestone (Lambert and Carter, 1984). 

According to the first hypothesis, the brines would be localized by 
deformation of the Castile Formation . The brines would occur in relatively 
low-pressure areas, such as the crests of domal or anticlinal structures 
similar to those encountered at WIPP-12 and ERDA-6. Such brines might 
continue to be generated by slow gravitationally driven deformation during 
and after the WIPP operational phase. Borns (1983) estimated that the 
reduction of porosity of the Castile halites by 0.2, required to generate 
the volumes of brine encountered in the lliPP-12 · domal structure would 
likely be indistinguishable in bulk-property measurements. As pointed out 
by Borns (1987b), mechanical displacement and/or fluid movement during 
gravity-driven deformation need not be continuous. From a mechanical point 
of view, the emplacement of Castile brines appears consistent with either 
continuous or episodic deformation, and would result in indistinguishable 
changes in the properties of surrounding Castile halites. However, as 
discussed in Section 3.1, regional deformation within the Castile Formation 
is probably too slow to be of concern in the performance of· the WIPP 
facility. 

Lambert and Carter (1984) conclude, on the basis of uranium-disequilibrium 
studies, that the Castile brine occurrences were neither in-place nor remo
bilized connate Castile fluids. They conclude that the brine occurrences 
are the result of isolation of waters resulting from intermittent or epi
sodic lateral hydraulic connection of the Capitan limestone and Castile 
anhydrites. Local fracturing of the Castile anhydrites is still required . 
Lambert and Carter (1984) specifically conclude that: 

1 . The residence or isolation times for the Castile brines at ERDA-6 
and WIPP-12 · are between 360,000 and 880,000 years . 

2. The extent of buildup in 234u;238u ~atios expected to result from 
continuous exposure of fresh rock to fluids during gravity-driven 
deformation is not seen. 

3. Therefore, the mode of emplacement of the Castile brines must be 
episodic in character. The relevant episodic feature of the system is 
interpreted by Lambert and Carter (1984) to be hydraulic connection 
between the Castile anhydrites and the Capitan limestone. Any future 
brine generation, according to this interpretation, would require 
hydrologic reconnection of the Capitan and Castile. 

In summary, recent geophysical studies indicate that brines are probably 
present within Castile anhydrites under a portion of the WIPP waste
emplacement panels. The brines are 250 m or more stratigraphically below 
the WIPP facility horizon. Although the detailed distribution of the 
brines remains unknown, this is not of special concern, since the presence 
of Castile brines beneath at least a portion of the lliPP facility has been 
and will continue to be assumed in WIPP performance assessment. The 
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mechanism(s) giving rise to Castile brine occurrences are not completely 
known. However, both mechanisms proposed, fluid migration in response to 
episodic deformation and isolation of fluids resulting from episodic 
interconnection of the Capitan limestone and Bell Canyon Formation , are 
unlikely to generate significant additional brine beneath the YIPP facility 
in the 10,000-year time scale of regulatory interest. 

3 . 3 Recent Hydroloiic. Geochemical . and Structural Studies 
of the Salado Formation 

As mentioned above, the YIPP facility is presently being developed within 
bedded halites and anhydrites of the Salado Formation, at an average depth 
of approximately 655 m. This section attempts to place the YIPP facility 
within a proper perspective relative to both local and regional-scale 
hydrologic and structural behavior of the Salado Formation. Differences in 
Salado behavior as a result of the presence of the \llPP facility are 
considered as "excavation effects." 

Section 3.3.1 discusses the hydrologic behavior of the Salado Formation as 
interpreted from testing conducted from the surface and within the YIPP 
facility. Section 3.3.2 describes the present understanding of the fluid 
geochemistry and mineralogy of the Salado Formation, based on recent and 
ongoing studies within the YIPP facility. Section 3. 3. 3 discusses the 
interim results of ongoing investigations into the structural behavior of 
the Salado Formation adjacent to the \llPP facility, with emphasis on Marker 
Bed 139 (MB139), a relatively thick anhydritic marker bed approximately 1m 
below the YIPP facility horizon . 

3.3.1 Regional-Scale and Near-Facility Hydrology of the Salado Format·ion 

3.3.1.1 Hydrologic Testing from tbe Surface and at the Facility Horizon-
Unlike the case in the Castile Formation, significant brine flows have not 
been encountered in hydrologic testing of the Salado Formation from the 
surface . However, two anomalous phenomena have been encountered in the 
Salado . First, pressurized gas has been encountered in some holes drilled 
from the surface and near the mining face in \llPP excavations. In the most 
dramatic case, nitrogen gas was encountered in the upper portion of the 
Salado in hole AEC-8 , at a depth between 335 m and 391 m, during reworking 
of the hole approximately one year after original drilling (Table 3 . 1; 
Mercer, 1987) . The gas pressure was sufficient to partially remove the 
drillstem from the borehole. A large volume of gas, approximately 6 x lOS 
m3, was allowed to flow to the surface without apparent depletion of the 
reser,voir (Mercer, 1987) . Gas has also been locally encountered during 
construction of the \llPP facility, as described in Deal and Case (1987). 
To date, all gas occurrences within the \llPP facility have been small, 
although the largest such occurrence did result in a 0 .4-m diameter disk 
being blown out of the face being mined. Second, as shown in Table 3 . 1, 
long- term monitoring at some holes penetrating the Salado Formation 
indicates a slow buildup of fluid pressure. The maximum pressure measured 
to date is 3.3 MPa (472 psig) at YIPP-12. This pressure is generated 
within the Salado, since it was measured before the hole was deepened into 
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Table 3.1: Summary of known Salado gas occurrences and measured wellhead 
pressures from surface drilling. Gas-occurrence daea are • 
modified from Table 2 of Mercer (1987). Fluid-pressure daea 
are from ehe texe of Mercer (1987) . 

A. Gas Occurrences 

Hole Commenes 

ERDA-9 

ERDA-6 

AEC-7 

AEC-8 

P-7 

P-12 

P-20 

Hole 

Cabin Baby 

WIPP-12 

WIPP-13 

WIPP-11 

DOE-2 

AEC-7 

At 430 m; trace of H2S 

At 561 m; blew for 30 min. 

Ae 491 m; blew for l hour 

Ae 335-391 m; blew for several monehs 

Many kicks 

Hole unloaded fluid over weekend 

Slight blow at TD of 608 m 

B. Pressures Measured ae Surface 

Comments 

1.4 MPa 

2.94 MPa, before deepening 

2.93 KPa, hole open to Castile and Salado 

0.12 MPa 

0 

0 
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the Castile Formation and intersected Castile brines (Section 3. 2). The 
rate at which Salado brine pressures build up is very slow and, as noted by 
Mercer (1987), the pressures appear to be supported by only very small 
volumes of fluid. Complete reduction of the 1.6 Mpa (228 psig) pressure at 
the YIPP-12 wellhead in 1985 was achieved by release of approximately 5 
gallons of brine. In some holes, for example DOE-2 and AEC-7, no long-term 
pressure buildup has been observed. 

The published results of •successful" hydrologic tests of the Salado from 
the surface (Table 3. 2) indicate permeabilities from approximately 0. 01 
microdarcy to a high of 25 microdarcies. Ongoing evaluation indicates 
that, as a result of instrumentation limitations, testing-time limitations 
or problems with pressure or flow stabilization, data from the Salado in 
DOE-2 are the most reliable, indicating a maximum permeability of 0.3 
microdarcies. It has not been possible in testing from the surface to 
identify any discrete sources for this fluid or to determine any strati
graphic effects. 

Table 3.2: Summary of Salado hydrologic properties interpreted in hydro
logic testing fr.om surface. Modified from Tables 3 through 9 
of Mercer (1987). Ongoing interpretation indicates that only 
results from hole DOE-2 are reliable. 

Hole Comments 

AEC-7 550.8-581-3 m; MB 126; £M. perm. 3 x 10·6 0 

AEC-7 672.7-703.2 m· • MB 139; ~perm . 12-21 X 10·6 0 

ERDA-9 436.8-452.9 m; MB 118, 119; perm. 0.1~0.7 X lQ-6 D 

ERDA-9 613.9-638.3 m; MB 136, 137; perm. 0.6-3.2 X 10·6 0 

ERDA-9 765.7-798 m; Cowden, lower Salado; perm. 1.6-2.2 X 1o-6 o 
ERDA-9 799.5-876 m; .lower Salado; perm 0.4-6.5 x 10-6 o 
ERDA-9 799.5-826.9 m· • lower Salado; perm. 0.7-25 X 10·6 0 

Cabin Baby 230.7-828.2 m; entire Salado; perm. 0.01-0.1 X 1o-6 D 

DOE-2 669-703.8 m; MB 138, 139; perm. ~0.3 x 10-6 o 

However, there has been only limited •success• in field testing of the 
Salado from the surface. There appear to be two causes for this. First, 
the formation permeability appears in many cases to be below the testable 
minimum for the equipment used, approximately 0.01 to 0.1 microdarcy. For 
example, testing of all intervals in holes AEC-8, ERDA-10, and YIPP-12 was 
unsuccessful due to the low permeability and limitations to the test 
equipment. The most recent results included in Table 3.2, based on testing 
in Cabin Baby-1 in 1983 and DOE-2 in 1985, suggest an upper permeability 

45 



limit of approximately 0.3 microdarcies. As noted by Mercer (1987), it is 
not clear that any of the successful tests indicate the permeability of 
undisturbed halite, since the test intervals almost always include one or 
more interbeds. Second, in the case of hole YIPP-12, hole •ageing• during 
the seven years between hole completion and attempted testing of the Salado 
made it extremely difficult to find locations in the borehole that allowed 
successful setting of packers to isolate intervals for drillstem testing. 
The tentative interpretation is that this ageing involves loosening of 
grain boundaries in halites, with a concomitant increase in local 
permeability around the borehole. 

Flow testing of the Salado Formation within the YIPP facility is still in 
its early stages. Preliminary results indicate that the presence of the 
TJIPP facility has a strong impact on the hydrologic behavior of nearby 
portions of the Salado Formation. The results of initial gas-flow testing 
in the \JIPP facility are described by Stormont et al. (1987). Inter
pretation of this testing indicated that apparent gas permeabilities are 
very low at distances of greater than approximately 2 m from the under
ground workings, with no distinguishable stratigraphic variability. 
Stormont et al. (1987) calculate a •far-field" permeability of less than 1 
microdarcy for the Salado. 

Stormont et al. (1987) identify a zone of markedly increased permeability -
within approximately 2 m of the underground workings, on the basis of 
marked increases in gas flow rates at constant injection pressure. The 
apparent increases in permeability are especially dramatic near room center 
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lines, in both room roofs and floors . In addition, the magnitude of the • 
local increases in permeability appear to be a function of both time and 
room width. Stormont et al. (1987) note that their measurements are 
consistent with time-dependent development of a dilatant or "damaged" zone 
around the underground workings, and that this . zone may well be only 
partially saturated. Finally, Stormont et al. (1987) indicate that the 
interpretation of their tests was complicated by uncertainties in the 
degree of saturation of the Salado, pressure-threshold effects inherent in 
gas-flow testing in either a partially or fully saturated medium, and local 
flow inhomogeneities due to fracturing in the disturbed or altered zone 
near the facility. 

Recent brine-flow testing within the YIPP facility described by Peterson et 
al. (1987) has eliminated some of the problems inherent in gas-flow 
testing. Peterson et al. (1987) describe the results of long-term (240-
day) shut-in brine-flow tests in two holes. One hole penetrated "intact" 
halite and the other "intact• anhydrite in MB139, both at a distance of 8 
to 9 m from the underground workings. Assuming complete saturation within 
the test.ed ~zones, the results indicate far-field permeabilities of 
approximately 0.001 microdarcy for intact halite, and 0.01 microdarcy for 
MB139. In addition, apparent steady-state "pore" pressures of 8.3 MPa and 
10.3 KPa were measured in the two holes. Peterson et al. (1987) note that 
there is some uncertainty in both estimated permeabilities and fluid 
pressures, due to the long test times required. 

Gas-flow testing of the same two holes prior to brine-flow testing, at a 
gas-injection injection pressure of 2.1 MPa, indicated halite and marker
bed permeabilities approximately one order of magnitude greater than 
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indica~ed in the la~er brine-flow testing. These higher permeabili~ies are 
similar to those reported by Stormont et al. (1987). Gas-flow testing 
af~er brine-flow ~esting indica~ed effectively zero permeabili~y. The 
reasons for ~his complexity are not clear . It may well be that initial 
gas-flow testing utilized unsaturated flow paths resulting from near-hole 
dilatancy, and that these flow paths were later saturated during brine-flow 
testing. 

However, it is not clear that the Salado Formation is completely saturated, 
even in the far-field. For example, the gas "blows" locally encountered in 
drilling the Salado from the surface (see Table 3.1) indica~e that high
pressure gases occur locally within the unit. Unfortunately, it cannot be 
determined whether the initial pressures in these occurrences represent 
regional partial saturation or are a result of exsolution of dissolved 
gases as a result of stress release around drilled holes. The large gas 
flow in the Salado in hole AEC-8 occurred approximately one year after 
inidal hole completion. Experience during the development of the YIPP 
facility also indicates the local occurrence of gas within the Salado at 
high pressure, perhaps approaching the local lithostatic pressure of 16 
MPa. Release of gas concentrated along a fracture nearly parallel to the 
facility working face resulted in a small blowout during mining operations, 
as described by Deal and Case (1987). Later drilling in front of the same 
working face encountered gas at ·a depth of approximately 3 m. However, 
because gas occurrences within the YlPP facility have all been near faces 
being actively mined, it cannot be demonstrated that they were at 
lithostatic pressure before release. They may result from exsolution of 
dissolved gases during stress release near the excavation. Other 
observations by Deal and Case, such as the widespread exsolution of gas 
from brines collected ·within the W!PP facility and local bubbling of brine 
seeps on ribs within the facility, further suggest that gas may play a 
major role in at least the near-field hydrologic behavior of the Salado 
Formation. 

Thus, the results of recent permeability testing within the Salado 
Formation, both within the YIPP facility and from the surface, are 
generally consistent with a far-field permeability of approximately 0.001 
to 0.1 microdarcy. It is not certain whether the Salado is saturated or 
partially saturated regionally; in the altered zone near the W!PP facility, 
it appears to be partially saturated. There are marked near- field 
increases in Salado permeability near the W!PP facility, resulting from 
fracturing and possibly matrix dilatancy . The development of a 
hydrologically altered zone around workings at the W!PP facility horizon 
appears to depend on both time and geometry. The ultimate extent of this 
zone and the rate or extent of its elimination or reduction during the 
finaj. stages of facility closure remain unknown at present, but will be 
examined carefully during the early operational phase. 

3.3.1.2 Hydroloiic Testing Adjacent to tbe YIPP Air-Intake Shaft--Barring 
a direct breach of the YIPP as a result of human intrusion, the successful 
long-term performance of the facility largely depends on the success with 
which the facility shafts are plugged or sealed. Present planning calls 
for emplacement of shaft seals in both the Salado Formation and the unnamed 
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lower member of the Rustler Formation. Therefore, it is important to know 
the distribution of hydrologic properties within both units adjacent to the 
YIPP shafts. A preliminary series of hydrologic tests was conducted at 
several levels in the YIPP waste-handling shaft during 1987. Additional 
testing and monitoring of the hydrologic characteristics of both the 
Rustler and Salado Formations adjacent to the YIPP air- intake shaft is 
planned. 

The objectives of the preliminary hydrologic testing adjacent to the YIPP 
waste-handling shaft, results of which are described in Saulnier and Avis 
(1988), were to: 

1. Determine if a significant fractured or altered zone had developed 
around the concrete shaft liner in the shaft since its completion. 

2. Estimate the radial extent of the hydrologic cone of depression 
resulting from construction of the waste-handling shaft. 

3. Determine "far-field" hydrologic properties for previously untested 
zones in the lower unnamed member of the Rustler Formation and levels 
in the Salado Formation at which it is anticipated that plugs might be 
placed at the end of the WlPP operational phase. 

• 

Testing in the waste-handling shaft was carried out in subhorizontal 
drillholes, using three distinct test zones. The detailed experimental 
instrumentation is described in Stensrud et al. (1988). Zone 1 extended 
from the hole "bottom• approximately 7.9 m outside the shaft to a depth of 
some 5. 7 m, Zone 2 from approximately 4. 8 m to 3. 7 m, and Zone 3 from 
approximately 2.9 to 1.6 m. There was, however, some variability in both • 
test-zone depths and the relationship between Zone 3 and the shaft liner. 
No shaft liner was present below the 850-foot level. The shaft liner was 
thin enough in the lower Rustler for Zone 3 to test entirely within the 
rock mass. At the 850 level, however, the thickened shaft liner in the 
keyway dictated that Zone 3 in one hole included the interface between rock 
and shaft liner. (English depth units are used here for consistency with 
depth records within the shaft). 

The results of the preliminary testing in. the waste-handling shaft are 
summarized in Table 3. 3 and Figures 3. 7 and 3. 8. Tested lithologies 
include mudstone and claystone in the unnamed lower member of the Rustler 
(at the 782 and 805-foot depths, respectively) and halites, an anhydrite, 
and a polyhalite within the Salado Formation (850 and 1320-foot depths). 
All of the tested intervals are extremely low in permeability. Hydraulic 
conductivities listed in Table 3.3 range only from lo-14 to lo-13 m/s. 
This corresponds to an approximate range in permeability of one order of 
magnitude,1 from 0.001 to 0.01 microdarcy. There is no consistent increase 
in conductivity towards the shaft (from Zone 1 to Zone 3) in any of the 
rock types tested, except at the 850-ft level. In the 850\1 hole, 
pressurized fluids flowed into the borehole at the linerjrock interface. 
The precise origin of these fluids remains to be determined. 
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Table 3.3: Summary of results of 1987 hydrologic testing in the 'WIPP 
waste-handling shaft. From Saulnier and Avis (1988) . 

Test Zone 
Borehole Lithology Depth Int. Test Period 

(Feet from 

1J7821J Silty 
Mudstone 

1J8051J Silty 
Claystone 

1J805S1J Silty 
Claystone 

1J8501J Halite 

1.:8505£ Halite 

~1320£ Halite/ 
Anhydrite 
Polyhalite 

Shaft lJall) 

1) 18.6-26.0 07/18-22/87 
2) 12.3-15.9 07/20-22/87 
3) 5.4- 9. 5 07/21-22/87 

1) 18.6-26.0 07/11-15/87 
2) 12.3-15.9 07/13-15/87 
3) 5.4- 9.5 07/14-15/87 

1) 18 . 6-26.5 08/28-31/87 
2) 12.3-15.9 Not Tested 
3) 5.4- 9.5 08/29-31/87 

1) 18.6-26.0 07-30/08-03/87 
2) 12.3·15.9 08/2-3/87 
3) 5.4-9.5 07-31/08-3/87 

1) 23.2-36.0 08/19-24/87 
2) 16.8-20.5 08/21-24/87 
3) 10.0-14.1 08/22-24/87 

1) 18.6-41.8 08/11-17/87 
2) 12.3-15.9 08/14-17/87 
3) 5.4- 9.5 08/15-17/87 

Pressure 
Pulse 
(psi) 

113.3 
108.3 

99 .4 

94.5 
105.1 
97.8 

102.9 

92.6 

97.6 
116.5 

90.39 

103.5 
103.1 
100.7 

173.3 
52.6 
53.0 

Hydraulic: 
Conductivity 

(m/s) 

1.0 E-13 
1.0 E-14 
1.0 E-14 

5.0 E-14 
1.0 E-14 
1.0 E-14 

6.0 E-15 
1.0 £-14* 
2.0 E-14 

Formation 
Pressure 

(psi) 

90 
140 
140 

225 
140 
110 

275 
90* 
70 

1.0 £-13 40 
1.0 £-13 40 
Not Analyzable* 

3.0 £-14 
3.0 E-14 
2.0 E-14 

2.0 E-14 
3.0 E-14 
3.0 E-14 

50 
30 
90 

550 
450 
100 

*Zone 2 analysis from pressure buildup after shut-in, August 28 to 31, 1987. 

Physical limitations to the testing system dictated that Zone 3 not extend 
any closer than approximately 1. 6 m from the inside of the shaft. 
Therefore, even if the one or two holes tested at each level are represen
tative and adequately characterize the permeability at the tested levels, 
it can only be argued that the results indicate that no damaged zone 
presently extends more than 2 m into the rock mass. This includes any 
damage zone resulting from blasting during construction of the shaft. In 
addition, because of scheduling constraints, all of the testing was 
relatively short-term. Longer-term testing might identify changes in 
hydraulic properties near the shaft. 

~ 

The permeabili ties listed in Table 3. 3 indicate no significant strati-
graphic variability. All of the tests indicate extremely low permeability, 
roughly one order of magnitude less than estimated from measurements from 
the surface. One reason for this may be that the holes tested here were 
nearly horizontal; as a result, at least part of the fluid flow was 
vertical, perpendicular to layering. The results may imply that vertical 
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permeability in both the lower part of the Rustler Formation and the Salado 
Formation is less than horizontal permeability, consistent with experience 
in other layered rock types. 

Testing adjacent to the waste-handling shaft did indicate a distinct zone 
of decreased fluid pressures around the shaft at the 805-foot and 1320-foot 
levels, in claystone and halite/anhydrite/polyhalite, respectively (Figure 
3.8). The cone of fluid-pressure depression apparently extends oueward to 
greater than one shaft diameter at these levels. The fluid-pressure 
profiles at the 782-foot and 850-foot levels may be indeterminate because 
of effects of equipment compliance (Saulnier: and Avis, 1988). The 
generation of a hydraulic cone of depression around the shaft was expected, 
consistent with responses noted earlier in the Culebra dolomite to 
construction of the WlPP exploratory shafts (see Haug et al., 1987). The 
behavior of this zone outside the Culebra as a function of time remains 
unknown. 

Interpretation or prediction of long-term flow behavior into the shaft 
would require an observation hole. so that fluid storativ~ties within 
affected units could be estimated. A nearby observation hole does not 
exist for the waste-handling shaft. However, hole H-16 was drilled and 
instrumented in 1987, approximately 17 m from the centerline of the WIPP 
air- intake shaft, specifically to investigate the near-field hydraulic 
response of all members of the Rustler Formation to construction of the 
shaft, and to provide monitoring data adequate for long-term predictions. 

• 

The hydrologic testing completed to date adjacent to the waste-handling • 
shaft is preliminary, as is the interpretation of test results. The 
results to date allow limited fracturing, since only one or two holes was 
tested at each level. To better determine the presence or absence of 
fracturing by direct hydrologic measurement, arrays of three or more holes 
would be needed at each level . The fact that fluids were encountered at 
the liner/rock interface in one hole at the 850-foot level demonstrates 
that fluid movement at the shaft-liner/rock interface is possible locally, 
and that a single drillhole is not sufficient to characterize the source or 
behavior of these fluids. Non-intrusive geophysical methods similar to 
those described in Section 3. 3 .1. 3 may aid in characterization of any 
altered zone around the WlPP shafts. 

3. 3 .1. 3 Brine Contents and Brine Seepage into the WIPP Facility-
Geophysical studies within the WIPP facility aimed at characterization of 
the near-field disturbed rock zone are interim, and will continue during 
the early part of the W1PP operational phase. The presently available 
results, SWIIDiarized in Borns and Stormont (1987) and Pfeifer (1987), 
indicate both that there is near-field variability in the water content and 
hydrologic properties of the Salado Formation and that water contenes of 
Salado halites in the far-field are approximately twice that estimated at 
the time of the WlPP SPDV studies. 

The results of a series of electrical conductivity measurements within the 
WIPP underground workings (Pfeifer, 1987) are shown in Figure 3. 9. Two 
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Figure 3. 9: Apparent variation in water content of Salado halite at the 
YIPP facility horizon with depth into the wall. The EM31 
survey investigates conductivity up to approximately 2 m depth 
and the EM34 survey to a depth up to 20 m. Figure 9 of 
Pfeifer (1987) . 
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different instrumentation systems were used in these measurements. The 
EM31 system investigates the effective electrical conductivity to a depth 
of approxima~ely 2 m, the EM34 system to a depth of up to 20 m into the 
adj acen~ rock mass. The apparent conductivity near the underground 
workings, measured with the EM31 system, is lower (resistivity is higher) 
than ~hat measured at greater depth with the EM34 system. In Figure 3. 9 
this variation in resistivity is compared with a published correlation 
between water conten~s and resistivi~ies of hali~es. The results are 
consistent wi~h a wa~er conten~ of approxima~ely lt (by weight) near the 
mine opening and 2\ or greater in ~he far field. Recen~ geophysical 
moisture and density measurements within the WIPP facility (Hudson, 1987) 
also are consistent with water contents of approximately 2 weigh~ percen~ 
in Salado halite in the far field. 

The recent results indicate that far-field water contents within the Salado 
Forma~ion, estima~ed to average approximately 2 weigh~ percent, are greater 
than previously expected. For example, estimated water conten~s of samples 
analyzed during SPDV activities ranged from a mean of 0.6 weight percent to 
a maximum of 1. 8 weight percent, compared to mean and maximum values of 
0.22 and 1.06 weight percent estimated from measurements on core from hole 
ERDA-9 (Beauheim et al., 1983a). The earlier estimates were made either on 
core material or on hand specimens collected during mining. 

The combina~ion of significant interconnected fluid conten~s and non-zero 
permeabili~ies within the Salado . Formation in both the far-field and near 
the YIPP facili~y dicta~es that there be some fluid flow into the facility 
until effective hydrologic closure of the facility takes place. Two 
studies, both in their early stages, investigate the amounts and character
is~ics of fluid flow into the facility. One study, summarized in Deal and 
Case (1987), is a long-term study to characterize flow into the YIPP 
facility (exclusive of shafts) at ambient temperature. The second study, 
summarized in Nowak and McTigue (1987), is part of an experimental program 
using elec~rical heaters to simulate emplacement of defense-generated high
level waste (DHLW). A knowledge of ambient-temperature behavior is 
required in this study as a baseline for interpretation of later super
imposed thermal effects. 

Two lines of evidence summarized by Deal and Case (1987) indicate the 
complexity of ambient-temperature fluid flow into the WIPP facility from 
the Salado Formation. First, brine •seeps• often form within a few days on 
mined faces, and are indicated by the development of localized salt_ crusts 
or efflorescences on the walls. The seeps often appear to stop flowing 
after approximately one month. However, investigation of the salt deposits 
indicates ~hat fluid flow may only decrease rather than ceasing entirely, 
and that the rate at which mine ventilation removes water locally exceeds 
the inflow rate at long times. Second, highly variable amounts of both 
brine and dissolved gas are intersected in drillholes within the YIPP 
facility. Minimum flow rates are apparently zero. The maximum flow rate 
was approximately 0.5 liter per day. One hole has produced approximately 
235 liters of brine, and produced at a roughly steady-steady rate of 0.2 
liters per day (Deal and Case, 1987). However, this hole apparently 
intersects numerous near-field fractures in MB139 related to the 
construction of the WIPP facility, and is unusual. Most of the measured 
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flow rates range from a few hundredths to a few tenths of a liter per day. 
Deformation near the facility strongly influences fluid flow. Deal and 
Case (1987) note that fluid flow into most holes within the WIPP facility 
is initially zero or nearly zero . This phase is normally followed by a 
relatively rapid rise to some maxilllUIII flow rate, after which flow slowly 
reduces to some relatively steady-state but decreasing value. 

Work summarized in Nowak and McTigue (1987) investigates flow into one 
0.9-m (36-inch) and three 0.76-m (30-inch) diameter holes emplaced as part 
of experiments simulating and overtesting emplacement of DHLW. Water was 
continuously removed from the holes by use of dry nitrogen. A baseline 
ambient- temperature flow of 5 to 15 grams/day was collected in each hole 
after an initial transient phase. The average flow of 10 grams per day 
extrapolates to a steady-state flux of approximately 1.6 cm3/dayjm2 of 
excavation wall. After the heaters were turned on, there was a rapid 
increase in flow rate to some peak value, followed by a reduction to near 
steady-state flow. Apparent steady-state flow rates were 50 to 80 g/day in 
the two holes containing 1.5 kW heaters, and 8 to 10 g/day in the two holes 
containing 470 W heaters. The integrated fluid flow into the most strongly 
heated holes was 36 to 38 kg of fluid after 600 days. This mass is 
significantly greater than the 0.1 kg collected after two years in similar 
experiments conducted in domal salts at the Asse Kine, Germany (Nowak and 
McTigue, 1987). The difference suggests a significant difference between 
fluid flow in domal salts and in bedded salts, such as those at the WIPP. 

Parametric numerical modeling described by Nowak and McTigue (1987) 
indicates that: 

1. Pore-pressure measurements in both the near-field and far-field 
domains of the Salado Formation are needed to determine far-field and 
near- field flow behavior, since the observed transient effects 
resulting from seepage appear at present to be - limited to the very 
near-field domain. 

2. The transient stage of flow into the WIPP waste-emplacement rooms 
will last until connected pore space in both the rooms and any altered 
zone around the facility is either effectively eliminated or comes to 
pore -pressure equilibrium with the surrounding Salado. The 
calculations indicate that transient flow, ignoring closure, might last 
for more than 5000 years. 

3. The rock volume effectively involved in flow within the Salado may 
be limited, rather than a significant portion of the formation. 
However, the affected volume must increase with time. 

~ 

In summary, recent hydrologic results in the Salado Formation indicate that 
the unit has a far-field permeability of less than 0.1 microdarcy. It has 
not been possible to determine either stratigraphic effects or the presence 
of effective fracturing in the far-field environment. The brine content of 
Salado halites appears to be up to 2 weight percent in the far-field, 
roughly twice that previously expected. Where it has been possible to 
measure Salado brine pressures, the calculated heads indicate very limited 
fluid flow upwards into the overlying Rustler Formation. The permeability 
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of the Salado locally increases markedly within two meters of excavations 
at the YIPP faciliey horizon . The increase in permeabiliey appears to be • 
both time-dependent and geometry-dependent, and to involve significant 
fracturing. The Salado Formation may be only partially saturated in both 
the near-field and far-field environments . The low permeability of the 
Salado Formation, mine ventilation, and rapid mechanical deformation near 
the YIPP facility result in markedly transient fluid flow into the 
underground workings. At present, the time-scale of transient flow, volume 
of the Salado involved in flow, and final fluid volumes to be expected 
within the YIPP facility remain to be precisely determined . 

3.3 . 2 Geochemical and Mineralo&ical Studies of the Salado Formation Near 
the Facility Horizon 

The mineralogy and stratigraphy of the Salado Formation are somewhat 
complex . The general mineralogy of the units is s'WIIDlarized by Bodine 
(1978), and mineralogy near the YIPP faciliey horizon by Stein (1985). 
Bodine (1978) noted that Salado clays were unusually depleted in aluminum 
and enriched in magnesium . The recent work by Stein (1985) does not 
include detailed clay mineralogy, but does indicate the nearly ubiquitous 
occurrence of authigenic quartz and magnesite near the YIPP facility 
horizon, in addition to widespread occurrence of anhydrite, gypsum, and 
polyhalite as accessory minerals within halites . 

As mentioned in Section 3.3 . 1, it has not been possible to sample Salado 
fluids during drilling or testing from the surface . However, Salado fluids 
have been sampled within the \liPP facility, and are continuing to be • 
collected, as described in Deal and Case (1987). The compositional results 
available to date for Salado fluids collected within the \llPP facility are 
described in Stein and Krumhansl (1986), and directly address both the 
character of fluids within the Salado Formation and· the validity of 
assumptions held through 1983 concerning the types of fluids within the 
unit . 

It was assumed through 1983 that Salado halites were anhydrous, with the 
exception of fluid inclusions and the water of hydration of hydrated 
minerals such as clays and polyhalites . Both the compositions and ages of 
fluid inclusions within Salado halites were poorly constrained. The 
compositional results for Salado fluid inclusions and macroscopic brine 
occurrences within the \llPP facility, summarized by Stein and Krumhansl 
(1986), are shown in Figure 3 . 10 . The open and half-open squares in Figure 
3.10 represent the compositions of individual fluid inclusions extracted 
from crystals of halite. The circles and crosses represent the composi
tions of 'acroscopic fluids collected from the \liPP facility, respectively 
from brine "seeps• on the walls and holes in the floor. 

The fluid-inclusion compositions and compositions of fluids from seeps and 
holes form two distinct populations in terms of their respective Na/Cl and 
K/Mg weight ratios. Therefore, fluids encountered within the \llPP facility 
cannot primarily arise from the migration of fluid inclusions. Stein and 
Krumhansl (1986) relate the compositions of fluid-inclusion Groups I (half
open squares in Figure 3.10) and II (open squares) to alteration of brines 
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Figure 3.10: Compositional variability of Salado fluids from fluid inclu
sions and macroscopic brine occurrences in the WIPP facility. 
Figure 9 of Stein and Krumhansl (1986). Effects of indi
vidual reactions on fluid composition are also indicated . 
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originally resulting from evaporation of seawater. They interpret the 
controlling mechanisms to be crystallization of polyhalite and magnesite. 
Polyhalite formation drives fluid compositions to the left of the seawater
evaporation line in K/Mg space (Group I), while formation of magnesite 
drives fluid compositions to the right (Group II). The compositional 
effects of these reactions are summarized in the reactions included as part 
of Figure 3.10. 

Both polyhalite and magnesite are widespread accessory minerals within 
Salado halites (Stein, 1985). Radiometric age dating of polyhalites from 
the YIPP (Brookins and Lambert, 1987) indicates crystallization ages of 
from 195 to 216 million years, i.e., from approximately 25 to 45 million 
years after deposition. The age of magnesite formation is unknown, but is 
assumed to be similar to that of polyhalite. On this basis, Stein and 
Krumhansl (1986) conclude that brines contained in fluid inclusions from 
samples near the YIPP facility horizon are roughly 200 million years old. 

The fluids from weeps and seeps in the YIPP facility are enriched in 
potassium relative to both fluid inclusions and fluids expected from 
seawater evaporation (Figure 3 .10) . As discussed by Stein and Krumhansl 
and noted by Bodine (1978), the Salado clay-mineral assemblage is unusually 
Mg-rich. Stein and Krumhansl (1986) conclude that the relatively K-rich 
composition of fluids from weeps and seeps reflects the effects of the 
growth of these Mg-enriched silicates on grain-boundary fluids. Yhile it 
is not possible to place a specific age on the grain-boundary fluids, it is 
known that the kinetics of such reactions are very slow. Therefore, Stein 
and Krumhansl (1986) conclude that the residence time of grain-boundary 
fluids within the Salado Formation must be at least several million years. 
The marked variability of fluids as a function of stratigraphy near the 
YIPP facility horizon, noted by Stein and Krumhansl, is consistent with 
there being little or no vertical fluid movement. 

There is additional geochemical evidence for both the presence and timing 
of rock-water interactions involving fluids from the Rustler/Salado contact 
and deeper evaporite horizons at and near the YIPP. As summarized by 
Lambert and Harvey (1987), there is a body of consistent radiochronological 
evidence indicating the absence of any pervasive recrystallization of the 
evaporite . section in approximately the last 200 million years. The 
internally consistent evidence consists of: a) K-Ar dating of polyhalites 
(K2MgCa2(S04)4·2H20); b) Rb/Sr isochrons on sylvites (KCl); and c) both Rb
Sr and K-Ar ages on langbeinite (K2Mg2(S04)3). Apparent ages on leonite 
(K2Mg(S04)2·4H20) are younger than ages on other minerals. Both Rb-Sr and 
K-Ar ages of clay minerals are significantly greater than the depositional 
age of the enclosing evaporites, suggesting that secondary reactions 
involving the clays have not completely altered their compositions. Thus, 
while the accessory magnesite near the ~IPP facility horizon has not been 
dated, there is abundant radiometric evidence that the last major 
recrystallization of the Salado Formation occurred approximately 200 
million years ago. 

Available isotopic evidence for strong rock-water interactions in 
evaporitic rocks at and below the Rustler/Salado contact is summarized in 
Figure 3 .11. These data and their implications for fluid flow are 
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discussed by Lambert and Harvey (1987) relative to interpretations made by 
both O'Neil et al. (1986) and Knauth and Beeunas (1986). 

O'Neil et al. (1986) consider the linear relationship between the isotopic 
composition of Castile brines (represented by brines from ERDA-6), fluid 
inclusions from the lower Salado in hole ERDA-9, and "modern meteoric 
water" (represented by fluids from Nash Draw and the western part of the 
~IPP site). They conclude that the trend reflects varying amounts of (ver
tical) mixing of Castile brines and modern near-surface waters. Lambert 
and Harvey (1987) conclude that large-scale mixing of fluids should involve 
major recrystallization of the evaporite section. They conclude, based on 
the radiometric-dating results discussed above, that such recrystallization 
has not taken place in the last 200 million years. Since they also con
cluded that large-scale mixing of fluids within an evaporite section would 
require recrystallization, the lack of significant recrystallization within 
the Salado is taken to indicate that there is no significant modern 
vertical mixing of Castile and surface fluids ~Lambert and Harvey, 1987). 

Instead, Lambert and Harvey (1987) consider the Castile fluids from ERDA-6, 
ERDA- 9 fluid inclusions, and numerous fluids sampled from the Rustler/ 
Salado contact as a single group (Figure 3.11). They conclude that these 
fluids form a variable population reflecting a mechanism by which 
increasing deviation of fluids from the meteoric compositional field 
results from increasing rock/water ratios, with resulting increasing , 
interaction of fluids with hydrous minerals, especially clays, gypsum, and 
polyhali te. However, the isotopic character of rock-water reactions 
involving both gypsum and polyhalite are partially undefined at present . 

One group of data shown in Figure 3.11 is not consistent with any single 
mechanism or trend of rock-water interaction within the Salado Formation. 
As noted, the trend including data from ERDA-6 brines, ERDA-9 fluid 
inclusions, and Rustler/Salado fluids appears to be continuous. However, 
fluids sampled directly in holes penetrating MB139 (samples MB139-850 and 
MB139-4) and in weeps within the nearby Duval Potash Mine (samples BT26 and 
BT48) are quite distinct. The isotopic composition of Salado fluid 
inclusions at the lJIPP facility horizon reported by Knauth and Beeaunas 
(1986) are distinct and different from the character of inclusions from the 
Salado in ERDA-9. The reasons for the distinctions in fluid- inclusion 
analyses are not known ~ but may, as noted by Lambert and Harvey (1987), 
involve the different fluid-extraction techniques used by the different 
authors. The reason for the apparently distinct isotopic character of 
fluids from MB139 is not known at present. The available data indicate 
only a small isotopic distinction between fluid inclusions and macroscopic 
fluids collected at the lJIPP horizon, in spite of the significant 
composi.tio;tal differences between the two types of fluids noted by Stein 
and Krumhansl (1986). 

In summary, the recent geochemical and hydrologic studies of the Salado 
Formation are generally internally consistent, but are incomplete at the 
present time. Hydrologic measurements indicate a far- field Salado 
permeability of less than 0.1 microdarcy. This indicates that, independent 
of local complications caused by the presence of the lJIPP facility itself, 
fluid flow within the Salado is non-zero but extremely slow. The work by 
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Stein and Krumhansl indicates that the brine in fluid inclusions within 
Salado halites is on the order of 200 million years old, and is not the 
major source of fluid in the YIPP facility. Rather, the variable fluids in 
the YIPP underground workings appear to be grain-boundary fluids which have 
residence times within the Salado Formation of at least several million 
years. The variability in fluid compositions near the YIPP facility 
horizon is consistent with there being little or no vertical fluid 
movement. The isotope systematics and radiometric age dating of the Salado 
brines and ·minerals, considered together, are not consistent with 
derivation of Salado brines by modern large-scale vertical mixing of 
Castile and surficial waters. 

3.3.3 Marker Bed 139 and the Structural Behavior of the Salado Formation 
near the yJPP Facility 

Marker Bed 139, an anhydritic marker bed about 1 m in average thickness, 
occurs approximately 1 m or less below the YIPP facility horizon. Detailed 
study of MB139 began in 1983, because of concern that undulations on the 
top of the unit might be the result of deformation .at some time after 
deposition or diagenesis (Jarolimek et al., 1983). If this were true, it 
is conceivable that such deformation might impact the YIPP facility during 
either the operational or regulatory time frames. The results of both 
Jarolimek et al. (1983) and Borns (1985) indicate, however, that the 
undulations on the upper surface of MB139 are depositional in origin . 

. Recent interest has focused on the mechanical and hydrologic fluid- flow 
behavior of KB139 near the YIPP underground workings. Observed behavior in 
room closure to date, especially in the oldest or •srov• rooms, indicates 
time-dependent opening of fractures in both MB139 and the halitic interval 
between MB139 and the room floors. It may be necessary to excavate MB139 
in some areas before the end of operations, to provide an unaltered 
locality for emplacement of seals at the facility level. The mineralogy 
and structure of MB139 also provide information concerning long- term 
mechanical and fluid behavior within anhydritic portions of the Salado 
Formation, independent of the YIPP facility. Work examining MB139 and its 
role in excavation effects near the WIPP facility horizon is progressing; 
therefore, the discussion here is preliminary. 

Borns (1985) investigated the stratigraphy and structure of MB139 in some 
detail, using core from a five-hole array drilled specifically for this 
purpose. The general level of internal complexity within MB139 is shown in 
Figure 3.12. The unit is bounded above and below by irregular contact 
zones. The lower contact zone (Zone V), often referred to informally as a 
"clay seam," is clay-rich and locally indicates some erosion and embayment 

. of~ the top of the underlying polyhalitic halite. The upper contact zone 
(Zone I) is quite irregular in thickness, and contains structures 
indicative of shallow water deposition, such as mounds of halite hopper 
crystals. Borns (1985) concludes that the irregularities on the upper 
surface of KB139 are primary or depositional in origin, resulting from 
shallow-water depositional processes such as wave traction. This 
conclusion is in agreement with conclusions originally reached by Jarolimek 
et al. (1983) . 
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Figure 3 . 12: Generalized stratigraphic and structural cross section of 
MB139. The figure demonstrates the internal variability of 
the unit and the character of both upper and lower contacts . 
Figure 3 of Borns (1985). 
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The detailed investigations by Borns also revealed significant internal 
zonation and variability within the body of MB139. An upper zone within 
the unit (Zone II) is characterized by extensive replacement of original 
anhydrite by polyhalite (Figure 3.12), and by the presence of convoluted 
stylolites. Both features are interpreted to result from fluid movement 
after deposition. Based on the available radiometric ages on Salado 
polyhalites (Section 3. 3. 2), it may be that the formation of polyhalite 
MB139 occurred as much as 45 million years after deposition. However, 
polyhali tes from within MB139 have not yet been dated. Zone IV, the 
internal zone directly above the basal contact, contains interlayered 
halite and anhydrite, with some replacement -of anhydrite by later halite, 
again indicating fluid movement at some time. Anhydritic laminae in this 
zone show pull-apart structures with horizontal extension. 

Within Zone III, the central portion of MB139, replacement of anhydrite by 
polyhalite is less complete than in Zone II. This zone also contains 
numerous sub-horizontal fractures, which are partially filled with halite 
and polyhalite. In some cases, inclined fractures extend from Zone III 
into or across the overlying Zones I and II. The cores investigated by 
Borns (1985) were drilled with air; halite was probably not removed from 
the fractures in Zone III during drilling. On this basis, Borns (1985) 
concludes that the partially healed subhorizontal fractures in the central 
part of MB139 predate the construction of the YIPP facility. 

The time of formation of the fractures in MB139 is not known in detail. 
Borns (1985) suggests that they may have formed in response to long-term 
variations in the overburden pressure at the stratigraphic level of the 
WIPP facility. Alternatively, as noted by Borns (1985), the fractures may 
be a response to previous and/or ongoing gravity-driven deformation of the 
underlying Castile Formation. The horizontal orientation of most of the 
partially healed fractures favors an origin related to unloading. 

An estimate of the variations in overburden pressure at the YIPP facility 
horizon, extrapolated from estimated variations in overburden at the 
contact between the Rustler and the Dewey Lake, is shown in Figure 3.13. 
The overburden pressure at the YIPP facility horizon is estimated to have 
varied between approximately 16 and 42 MPa since the end of deposition of 
the Dewey Lake Red Beds. The estimated overburden pressure at the end of 
the Cretaceous period, 42 MPa, is 2.6 times that at present. Based on 
stratigraphic interpretations, the reductions in overburden near the ends 
of the Cretaceous and Tertiary Periods appear to have been relatively 
sudden. If the interpretations of Borns (1985) are correct, and the sub
horizontal fractures within Zone III of MB139 formed by unloading in 
response to rapid erosion and removal of overburden, it follows that the 
forma'tion of the fractures and at least initial movement of the halite
saturated fluids which resulted in their partial healing are probably 
either early Tertiary or early Pleistocene in age, i.e., that both fracture 
formation and fluid movement occurred either approximately 60 million or 
approximately 2 million years ago. 

The mineralogical variability of MB139 and the occurrence of partially · 
healed fractures within the central part of the unit have implications for 
both fluid flow and structural behavior of the unit. The widespread 
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replacement of anhydrite by polyhalite indicates significant fluid 
movement, possibly some 45 million years after deposition. The replacement 
of anhydrite and partial healing of fractures by halite may indicate a 
second period of fluid movement at least 2 million years ago. The 
available hydrologic information for the Salado Forma-tion at the \JIPP site 
indicates that the far-field permeability within MB139 {and other anhydrite 
marker beds) is not significantly greater than that of the Salado halites 
themselves. 

Pre-existing fractures within MB139 provide pre-existing planes of weakness 
that control or influence the near-field mechanical response around the 
\JIPP excavation. Ongoing studies indicate that these fractures open 
locally in response to excavation. In the near- field altered zone, the 
resulting permeability is quite high. In the far-field, the permeability 
of MB139 appears no greater than that of surrounding halites. For 
confidence in plugging or sealing at the level of the \JIPP facility 
horizon, it must ultimately be demonstrated either that fracture~ in MB139 
will eventually reheal as a result of facility closure, or that damaged 
portions of the unit have been removed or grouted before seal emplacement. 
Characterization and delineation of the hydrologically and/or structurally 
altered zones around the YIPP facility horizon and shafts are ongoing, and 
will continue into the early operational phase of the facility . 

·I 
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4.0 RUSTLER FORMATION AND YOUNGER UNITS 

As noted previously, much effort in VIPP site characterization has been 
focused on the Culebra Dolomite Member of the Rustler Formation, because 
this unit is the first laterally continuous water-bearing zone above the 
~IPP facility. The Culebra has continued to receive attention since 1983. 
However, work since 1983 has included other members of the Rustler 
Formation as well as shallower units. Section 4. 0 discusses all units 
above the Salado as a group. Section 4.1 discusses hydrologic testing of 
the Rustler Formation and Dewey Lake Red Beds, and Section 4. 2 discusses 
both field and numerical studies of the transport properties of the Culebra 
dolomite. Together, Sections 4.1 and 4.2 constitute a conceptual model of 
the modern flow and transport behavior within the shallow part of the YIPP 
stratigraphy, with emphasis on the-Culebra dolomite. Section 4.3 discusses 
geochemical studies addressing both bulk-compositional and isotopic varia· 
bility within the Rustler Formation and Dewey Lake Red Beds. Section 4.4 
discusses studies into the overall geologic behavior of the Rustler and 
shallower formations at and near the WIPP site. Together, Sections 4.3 and 
4.4 summarize available evidence concerning the transient geologic behavior 
in the region of the WIPP site for units above the Salado Formation. 

4.1 Hydrolo&ic Testin& of the Rustler Formation and Dewey take Red Beds 

The Rustler Formation at and near the WIPP site has been hydrologically 
tested and interpreted at three geometric scales, which are discussed 
sequentially from the smallest to the largest scale in this section. The 
smallest-scale of testing is conducted in single holes. Recent single-hole 
hydrologic testing has provided: 1) local or point transmissivity values 
for all members of the Rustler Formation except the Tamarisk Member, but 
with emphasis on the Culebra dolomite; 2) indications of the presence or 
absence of local hydraulically effective fracturing and wellbore damage 
within the Culebra; 3) information on relative head potentials within the 
Rustler; and 4) some indication of the distribution of properties and 
degree of hydraulic saturation within the Dewey Lake Red Beds. As 
discussed by Beauheim (1987b), single-hole testing is carried out by means 
of pumping, drillstem, slug-injection, slug-withdrawal, or pressure-pulse 
tests, depending on the local permeability or transmissivity. Single-hole 

. testing is interpreted here in terms of transmissivities (in units of 
m2js). Use of this term assumes that the unit being tested is homogeneous 
across the tested interval. This assumption has been examined directly at 
hole H-14, in which two separate but overlapping intervals were tested in 
the Culebra dolomite. The results at H-14 indicate a factor of about 2 in 
vertical variability in transmissivity within the Culebra within a given 
hole. Recen~ single-hole testing of the Rustler Formation and Dewey Lake 
Red Beds is discussed in Section 4.1.1. 

Single-hole tests do not indicate the extent to which either point 
transmissivity values or fracturing effects can be extrapolated laterally. 
Hydraulic behavior within the Culebra dolomite is, therefore, also examined 
at the "hydropad" scale. WIPP hydropads nominally contain three · holes, 
located at the corners of an equilateral triangle 30 m on a side. 
Hydrologic information at the pad scale is collected by "interference" 
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testing. During this eype of testing, at least two of the three holes on 
the pad are pumped sequentially in separate tests; the two unpumped holes 
in each test are used for observation. The objectives of interference 
hydrologic testing at the pad scale are to collect average or effective 
hydrologic-property data over distances of some 30 m, and to determine if 
fracturing effects are significant at this scale . 

In the region of the WIPP site, single-pad hydraulic interference tests 
have been completed at the H-2, H-3, H-4, H-5, H-6, H-7, H-9, and H-11 
hydropads. Detailed interpretation including evaluation of the effects of 
fracturing has been completed only for tests at the H-3 and H-11 hydropads, 
discussed in Section 4.1.2. Interference testing at the H-3 and H-11 pads 
has been interpreted using a "dual-porosity• approach, in which the Culebra 
is assumed to consist of an array of matrix blocks (primary porosity), 
separated by regularly spaced fractures (secondary porosity). 

At some "large• scale, assuming that fracture spacing and properties are 
not too irregular, the effects of fraceuring should become insignificant, 
i.e . , it should become possible to model the flow and/or contaminant
transport behavior of a fractured rock unit such as - the Culebra adequately 
using the porous-medium assumption. The scale at which this simplification 
is valid, however, may vary significantly with different rock types in dif
ferent geologic or hydrologic settings. During WIPP site characterization, 
possible regional hydraulic effects of fracturing have been investigated by 
"multipad interference testing• of the Culebra dolomite. In this type of 
testing, one hole is pumped for a relatively long period of time, generally 
a month or more, while surrounding holes are used to observe hydraulic 
responses over an area of several square miles. Depending on the distances 
and extent of fracturing involved, effects due to fracturing may or may not 
be evident between the pumped hole and some of the observation holes. 

Interpretation of mul tipad interference testing allows estimation of 
transmissivities and storativities within the tested area, provides 
information concerning the regional relationship between fluid densities 
and flow directions, and has allowed investigation of the interaction 
between WIPP shafts and the Culebra. Two major multipad interference 
tests, centered at the H-3 hydropad and at hole WIPP-13, have been carried 
out to date at the WlPP. Additionally, regional hydraulic information has 
been collected by observing hydrologic r~sponses to WIPP shaft-sinking and 
shaft-sealing operations. Regional-scale hydrologic interpretation of the 
Rustler Formation, with emphasis on the Culebra dolomite, is discussed in 
Section 4.1.3. Interpretation on the regional scale indicates that frac
turing need not be incorporated into regional-scale simulation of fluid 
pressures {head potentials) within the Culebra at and near the WIPP site, 
beca~e pressure responses are relatively rapid, even on this scale. The. 
assumption of steady state is adequate in modeling the modern Culebra head 
potentials. However, groundwater flow times are slow enough in the 
vicinity of the WlPP site to make the assumption of steady-state confined 
flow within the Culebra inadequate for simulation of long-term flow paths 
and flow times . 
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4.1.1 Single-Hole Hydraulic Testing and Interpretation 

4.1.1.1 Transmissivity Pistribution within Individual Units--Prior to 
1985, hydrologic testing at and near the YIPP site was either interpreted 
using the porous-medium assumption or did not identify significant effects 
due to fracturing (e.g., Barr et al., 1983). More recent:ly, Beauheim 
(1986, 1987b) has identified significant fracture effects in hydraulic 
testing of several holes, using the code INTERPRET. As described in detail 
by Beauheim (1986, 1987b), INTERPRET utilizes a •pressure-derivative" 
technique to determine whether or not significant pressure responses due to 
fracturing are present. In this approach, hydraulically effective frac
turing is indicated by a flexure in the plot of dimensionless pressure 
derivative or drawdown versus dimensionless time (Figure 4.1.1). This 
flexure reflects a transi cion from •early" times, in which fluids are 
effectively produced only from within the fractures, to •late• times, in 
which fluid is produced from both fractures and matrix, but in which fluid 
release from the matrix to the fractures is generally the rate-limiting 
process. The transmissivity interpreted from behavior after this transi
tion is referred to as •system• transmissivity. 

At the time of the YIPP FEIS (U.S. Department of Energy, 1980) the suita
bility of the YIPP site was evaluated largely on the basis of possible 
releases from the site to Malaga Bend, on the Pecos River approximately 
26 km from the YIPP site (Figure 1.1). Requirements for repository 
performance developed by the Environmental Protection Agency (40CFR191) 
were released in 1985. Although they may not be in their final form, these 
requirements place increased emphasis on evaluation of possible releases of 
radionuclides to the •accessible environment• near the facility. The 
definition of the accessible environment is not yet final. The YIPP 
Project has greatly increased the size and reliability of the hydrologic 
data base for the Rustler Formation since 1985, especially for the Culebra 
dolomite at and near the YIPP site. Table 4.1 contains the best local 
estimates of transmissivity used in modeling the hydrology of the Culebra 
dolomite from 1983 through 1987 and demonstrates the growth in this data 
base. Table 4.2 s'UIIII&rizes the results of recent single-hole testing in 
the Culebra dolomite. 

Estimated Culebra transmissivities at the YIPP site area and within Nash 
Draw range over approximately six orders of magnitude, from 2.15 x 
10·9 m2;s at P-18 to 1.34 x 10·3 m2js at YIPP-26 (Tables 4.1 and 4.2). In 
addition to the growth in the Culebra data base evident in Table 4.1, many 
of the holes have been retested over the last five years. In some cases 
recent testing and interpretation have significantly changed earlier 
estimated transmissivities. However, the more recently estimated Culebra 
transmissivities are not consistently higher or lower than older values. 
At H-1 and DOE-2, recent data and interpretation indicate a significantly 
higher Culebra transmissivity. At H-3 and DOE·l, recent work indicates a 
lower local transmissivity than estimated earlier. In cases such as P-15, 
P-17, H-4, and YIPP-30, retesting and/or reinterpretation of earlier 
results has not resulted in any significant change in estimated Culebra 
transmissivity. In all cases, however, the more recent data and 
interpretations are better documented than older work, as a result of the 

68 

• 

• 

• 



• 

C7\ 
\0 

0 a. 
w 
u: 
::J 
en en 
w 
u: 
D. 
en en 
w _, 
z 
0 -en z 
w 
~ -c 

102 

101 

100 

10-1 

10-2 

M 

10-3 
10-3 

... 

"' 

• 

M 

PRESSURE-DERIVATIVE DATA 

10-1 101 

SIMULATED PRESSURE 

7 
SIMULATED PRESSURE 

DERIVATIVE 

103 

DIMENSIONLESS TIME GROUP, t0 /C0 

• 

105 

Figure 4.1.1: Measured and simulated response of H-3bl 'to pumping of hole H-Jb2. The presence of 
dual-porosity effects due to fracturing is indicated by the inflection in both 
measured and simulated pressure-derivative curves, in this case at a value of the 
dimensionless time group of approximately one. S impllfled from Figure 6 -ll of 
Beauheim (1987a). 



Table 4 .1: Transmissivity data bases used in numerical modeling of the 
Culebra dolomite in Barret al. (1983), Haug et al. (1987), and 
LaVenue et al. (1988). 

!arr ee al. (1983) Haug ee al. (1987) LaVenue ee al. (1988) 
Transmissivity Transmissivity Transmissivity Transmissiviey 

'loiell (fe2;d&y) (fe2;d&y) (fe2jd&y) (m2jsec) 

H-1 0.07 0.07 0.8 8.60 X 10•7 
H-2 0.4 0.56 0."52 5.59 X 10•7 
H-3 19 3.7 2.3 2.47 x 1o·6 
H-4 0.9 1.1 0.95 1.02 X 10·6 
H-5 0.2 0.16 0.14 1.51 X 10•7 
H-6 73 74 74 7.96 X 19·5 
H-7 >1000 1120 1030 1.11 X 10·3 
H-8 16 6.7 8.2 8.82 x 1o·6 
H-9 230 170 160 1. 72 X 10•4 
H-10 0.07 0.07 0.07 7.53 x 1o·8 
H-11 10 26 2.80 x 1o·5 
H-12 0.04 0.18 1.94 x 1o-1 
H-14 0.31 3.33 x 1o-1 
H-15 0.12 1.29 x 1o-1 
H-16 0.7 7.53 x 1o·1 
H-17 0.2 2.15 X 10•7 
H-18 
'IJIPP-12 0.03 3.23 X 10·8 
'IJIPP-13 69 7.42 X 10·5 
'IJIPP-18 .0.3 3.23 x 1o-1 
loTIPP-19 0.6 6.45 x 1o-1 
loTIPP-21 0.25 2.69 x 1o-1 
~IPP-22 0.37 3.98 x 1o-1 
loTIPP-25 270 270 270 2.90 X 10"4 
IJIPP-26 1250 1250 1250 1.34 X 10"3 
IJIPP-27 650 650 650 6.99 x 1o-4 
lo11PP·28 18 18 18 1.94 x 1o·5 
loTIPP-29 1000 1000 1000 1.08 x 1o-3 
IJIPP-30 0.3 0.3 0.3 3.22 x 1o-1 
P-14 140 233 214 2.30 X 10·4 
·P-15 0_.07 0.08 0.09 9.68 x 1o·8 
P-17 1 1.7 1.3 1.40 x 1o·6 
P-18 0.001 0.002 0.002 2.15 X 10"9 
OOE-1 33 11 1.18 x 1o·6 
DOE-2 36 89 9.57 X 10•6 
ERDA-9 0.47 5.06 X 10•7 
CABIN BABY 0.28 3.01 x 1o-1 
ENGU 43 4.62 x 1o-5 
USGS-1 515 515 515 5.54 x 1o·4 

21 Values 25 Values 38 Values 38 Values 
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Table 4.2: Detailed summary of recent single-well test results in the 
Culebra dolomite. Slightly modified from Table 5-3 of Beauheim 
(1987b). 

Culebra Interval 
Interval Tested Test Iransm1~sivit:£ Skin 

Well m (ft) m (ft)* Type (ft2jday) (m2/s) Factor 

H-1 206-213.1 205.7-214.3 
(676-699) 675-703) slug ~H 1.0 1.1 X 10·6 

slug #2 0.83 8.9 X l0-7 
slug #3 0.83 8.9 X l0-7 
slug #4 0.83 8.9 X l0-7 

li-4c 149.4-157.3 150.6-158.5 
(490-516) (494-520) slug 0.65 7.0 X l0-7 

H-8b 179.2-187.1 175.0-190.2 
(588-614) (574-624) pumping 8.2 8.8 X 10·6 -7.2 

H-12 250.9-259.1 249.9-271.3 
(823-850) (820-890) slug ~H 0.18 1.9 X 10-7 

slug '412 0.18 1.9 x lo-7 

H-14 166.1-174.3 162.5-167.9 
(545-572) (533-550.7) DST/FBU 0.096 1.0 X 10·7 -0.8 

DST/SFL 0.10 1.1 x 1o-1 
DST/SBU 0.10 1.1 x lo-7 --1.3 

H-14 166.1-174.3 162.5-175.0 
(545-572) (533-574) DST/FBU 0.30 3.2 x lo-7 -1.1 

DST/SBU 0.31 3.3 x lo-7 -1.8 
slug 0.30 3.2 x lo-7 

H-15 262-4-269.1 260.0-271.3 
(861-883) (853-890) DST/FBU 0.15 1.6 x 1o-1 2.6 

DST/SBU 0.15 1.6 X 10-7 2.9 
slug 0.10 1.1 x 1o-1 

H-16 213.4-221.0 212.4-223.7 
(700-725) (697-734) DST/FBU 0.85 9.1 x 1o-1 0.0 

DST/SBU 0.85 9.1 X l0-7 -0.3 
slug 0.69 7.4 x 1o-1 

H-17 215.2-222.8 214.3-224.0 
(706-731) (703-735) DST/FBU 0.21 2.3 X 10•7 -1.5 

DST/SBU 0.22 2.4 X 10•7 . -1.2 
slug 0.22 2.4 x lo-7 
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Table 4.2: Detailed SUIIIIIl&ry of recent single-well test results in the 
Culebra dolomite. Slightly modified from Table 5-3 of Beauheim 
(1987b). (Continued) • 

Culebra Interval 
Interval Tested Test Iran:!mildv1ti Skin 

Well m (ft) m (ft)* Type (ft2/day) (m2/s) Factor 

H-18 210.3-217.3 208.8-217.6 
(690-713) (685-714) DST,IFBU 2.2 2.4 x 1o·6 -0.2 

DST/SBU 2.2 2.4 x 10·6 -1.0 
slug 1.7 1.s x 1o·6 

WIPP-12 246.9-254.5 248.4-256.0 
(810-835) (815-840) slug 1Jl 0.10 1.1 X 10•7 

slug 1J2 0.097 1.0 x lo-7 

WIPP-18 239.9-246-3 239.0-245-7 
(787-808) . (784-806) slug 0.30 3.2 x 1o-1 

WIPP-19 230.4-237.4 229.8-237.7 
(756-779) (754-780) slug 0.60 6.5 x lo-7 

WIPP-21 222.2-229.5 221.6-228.9 
(729-753) (727-751) slug 0.25 2.7 X 10·7 • WIPP-22 226.2-232.9 228.0-234.7 
(742-764) (748-770) slug 0.37 4 .0 X 10•7 

WIPP-30 192.3-199.0 191.7-199.6 
(631-653) (629-655) slug 1Jl 0.18 1.9 x lo-7 

slug 1J2 0.17 1.8 X 10•7 

P-15 125.9-132.6 125.0-133.5 
(413-435) (410-438) slug ··1 0.090 9.7 x 10·8 

slug #2 . 0.092 9.9 X 10·8 

P-17 170.1-177.7 170.1-178.6 
(558-583) (558-586) slug #l 1.0 1.1 X 10·6 

slug •2 1.0 1.1 X 10·6 

P-18 ' 1 277.1-285.9 277.1-286.5 
(909-938) (909-940) slug 4 X l0-3/7 X 10·S 

ERDA-9 214.6-221.6 214.9-221.9 
(704-727) (705-728) slug •1 0.45 4.8 X 10•7 

slug #2 0.47 5.1 x 1o-1 
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Table 4.2: Detailed summary of recent single-well test results in the 
Culebra dolomite. Slightly modified from Table 5-3 of Beauheim 
(1987b) . (Concluded) 

Culebra Interval 
Interval Tested Test Irtn~m1ssiv1~ Skin 

\lell m (ft) m (ft)* Type (ft2/day) (m2js) Factor 

Cabin 153.3-161.2 153.3-161.2 
baby-1 (503-529) (503-529) slug •1 0.28 3.0 X lo-7 

slug •2 0.28 3.0 X lo-7 

DOE-1 250.2-256.9 249.9-256.9 
(821-843) (820-843) pumping/ 

drawndown 28 3.0 X 10-5 -5.1 
recovery 11 1.2x 1o·s -6.0 

Engle 200.9-207.6 197.5-208.2 
(659-681) (648-683) pumping 43 4.6 x 10·S 4.2 

*Actual intervals open to the wells. 

increase in documentation requirements over the ten-year span of YIPP site 
characterization. The interpreted test data from recent single-hole 
testing at and near the YIPP site are included in Beauheim (1987b). Raw 
data, test histories, and test instrumentation for all hydrologic testing 
at the \l!PP . for approximately the last five years are contained in a series 
of six hydrologic data reports: Hydro Geo Chem (1985); INTERA and Hydro Geo 
Chem (1985); INTERA (1986); Saulnier et al. (1987); Stensrud et al. (1987); 
and Stensrud et al. (1988). 

Transmissivities listed in Tables 4.1 and 4.2 are not identical in all 
cases. Transmissivity estimates included in Table 4.1 from three-hole 
hydropads, such as the H-4 pad, are effective transmissivities. In single
hole tests, this is the same as the measured value. In the case of three
hole hydropads, however, the effective transmissivity is the square root of 
the product of the estimated maximum and minimum transmissivities on the 
pad. The calculated effective transmissivity, which is used in regional
scale modeling (Section 4.1.3), generally does not correspond directly to 
any of the measured single-hole values on the same pad. 

As~mentioned above, Culebra transmissivities at and near the \liPP site and 
within Nash Draw range over approximately six orders of magnitude, from 
more than lo-3 m2;s to less than 10·8 m2js. However, this variability is 
not random. A large area of low transmissivities (less than approximately 
10-6 m2/s) is present near the center of the \l!PP site, extending to the 
east, southeast, and southwest (Figure 4.1.2). This zone includes holes 
\liPP-12, 18, 19, 21, and 22; H-1, 2, 4, 5, 10, 12, 14, 15, 16, and 17; 
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Figure 4.1.2 : Transmissivity of the Culebra dolomite in relation to the 
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transmissivities listed in Table 4 . 1 in m2js. 
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P-15, 17, and 18; ERDA-9, and Cabin Baby-1 (see also Figure 1.2). Within 
this low-transmissivity region, relatively high Culebra transmissivities 
(greater than approximately 1o·S m2js) have been measured southeast of the 
site center, in holes DOE-1 and H-11. The transmissivity measured on the 
H-3 pad (2.0 x 10·6 m2js) is transitional between transmissivities at H-11 
and DOE-1 and those in the low-transmissivity domain north and southwest of 
H-3. 

A continuous zone of variable but high Culebra transmissivity appears to be 
present northwest, west, and south of the site center. This zone includes 
holes H-6, 7, and 9; WIPP-13, 25, 26, 27, 28, and 29; DOE-2 and P-14; and 
the Engle well (see Figures 1.1 and 1.2). · The Culebra transmissivity in 
hole H-18 (1.8 x 10·6 to 2.4 x 10·6 m2js) is transitional between those in 
adjacent higher-transmissivity arid lower-transmissivity domains. 

There are some limitations in the Culebra data base, in spite of the fact 
that Culebra transmissivities have now been estimated at 39 separate 
localities at and near the WIPP site and within Nash Draw. For example, 
although the low-transmissivity zone near the site center is interpreted 
here to be continuous to the southwest, there is no direct measurement of 
Culebra transmissivity in the interval between holes H-14 and H-2. At 
present there is also no direct field evidence of connection between the 
region containing holes DOE-1 and H-11 and the region to the south con
taining hole H-9. Quantitative integration of point data into a regional 
transmissivity pattern for the Culebra and evaluation of some of the 
uncertainties mentioned here are discussed in Section 4.1.3. 

Single-hole Culebra tests in which the system transmissivity is less than 
10-6 m2js generally do not show signs of fracturing, while holes with 
higher transmissivity do. To a first approximation, fracturing within the 
Culebra (and the Rustler as a whole) appears to be related to the removal 
of halite. As discussed by Mercer (1983), Snyder (1985), and Beauheim 
(1987b), there is a general correlation between the distribution of halite 
within the Rustler Formation (Figures 1.5 and 4.1.2) and transmissivity of 
Rustler members, especially the Culebra dolomite. The distribution of 
halite within the Rustler Formation is briefly discussed in Section 4.4.2. 

However, the correlation between halite distribution and Culebra 
transmissivity is neither unique nor completely reliable. With the 
exception of WIPP-30 and possibly H-10, the Culebra in holes in which there 
is no halite in the unnamed lower member of the Rustler are highly 
transmissive. In YIPP-30, there is no halite within the Rustler, and the 
Culebra transmissivity is quite low. Without exception, the Culebra 
transmissivity is low if Rustler halite is present above the Culebra. 
Yhe;e there is Rustler halite present only beneath the Culebra, the 
correlation is not completely reliable, perhaps because of complications 
involving the response of the Culebra to evaporite dissolution in the upper 
part of the Salado Formation. For example, holes DOE-2 and VIPP-13, in the 
western part of the region in which halite is present beneath the Culebra 
(Figure 4.1.2), are highly transmissive, but hole H-18 is not. In the 
southeastern part of the YIPP site, holes P-17 and H-3 are relatively low 
in transmissivity, but the transmissivity at H-11 and DOE-1 is greater than 
10-S m2js. As discussed by Beauheim (1987b), examination of the detailed 
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Rustler isopachs summarized in Snyder (1985) does not indicate any 
consistent reason for the high transmissivities at H-11 and DOE-1. 

The significance of the distinction between dual-porosity (fractured) and 
porous-medium behavior in single-hole hydraulic testing is not completely 
straightforward. The apparent absence of fracturing in a test does not 
indicate a total absence of fractures, nor does fracturing in single-hole 
hydraulic testing indicate that far-field or long-term hydraulic or 
transport behavior near a given hole is or would be dominated by fracture 
effects. At one extreme, very local fracturing in a very low
transmissivity test interval may play a role in the very early pressure 
responses, but may not be evident because of wellbore-storage and fluid
flow surge effects at the beginning of a test. Any low-transmissivity hole 
listed in Tables 4.1 and 4.2 may contain fractures which are not apparent 
because of the testing techniques and instrumentation used. However, the 
effects of these fractures should be extremely localized. At the other 
extreme, intense fracturing may lead to high transmissivity, but result in 
such small block sizes that fluid flow from the matrix blocks is 
"immediately" the rate-limiting step. Dual-porosity effects would not be 
evident during testing at such a site, and the tested interval would behave 
hydraulically as an equivalent porous medium. This type ' of behavior may be 
applicable, for example, in the highly-transmissive portions of the Culebra 
within Nash Draw; however, testing results in Nash Draw have not yet been 
investigated using INTERPRET. The hydraulic behavior of the highly
transmissive Culebra in the Engle well (4.6 x 10-S m2js) does not show 
dual-porosity effects. However, this behavior is tentatively attributed by 
Beauheim (1987b) to wellbore and near-wellbore conditions, rather than to 
extreme fracturing of the test interval. 

In addition, the fact that testing at a given hole does not indicate local 
fracturing does not guarantee that there is not fracturing nearby. Single
hole testing at lliPP-21 indicates a Culebra transmissivity of 2. 7 x 
l0-7 m2js, with no dual-porosity effects. This hole responded strongly and 
rapidly to. both the H-3 multipad interference test and activities in both 
the waste-handling and exhaust shafts. This behavior probably reflects the 
presence of a "low-storativity• structure, which could be a single fracture 
or fracture zone connecting the region near · lllPP-21 with the two lllPP 
shafts, but not intersecting lliPP-21 itself. 

Single-hole testing may also be strongly affected by drilling-induced near
well effects, which can make the test hole appear either more or less 
transmissive than the surrounding rock mass. As discussed by &eauheim 
(1986, 1987b), marked examples of such •skin• effects were found in testing 
in holes DOE-2 and lllPP-13. In the extreme example of hole DOE-2, the 
initial est~mate of minimum transmissivity was 2.4 x 10-S m2js. The 
calculated "skin factor• was +31 (leauheill, 1986). For comparison, a hole 
so badly damaged that it would not produce fluid at all would have a skin 
factor of plus infinity. At the lllPP, positive skin factors have, in some 
cases, been reduced by acid treatment. Treatment of hole DOE-2 with 
hydrochloric acid removed the near-hole damage effects, and increased the 
interpreted transmissivity by a factor of 4, from 2.4 x 1o·S m2js, to 9.6 x 
10-S m2js (Table 4.1). The calculated skin factor at DOE-2 decreased from 
+31 to -4.7. A skin factor of less than zero indicates good co~ection of 
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the physical wellbore with fractures within the rock mass and results in an 
apparent well radius greater than that of the physical diameter of the 
hole. The Culebra in several holes listed in Table 4.2 exhibits negative 
skin factors, indicating good connection of the . test hole with the 
surrounding rock mass. 

As mentioned above, the presentation of data in terms of transmissivity 
explicitly assumes that the tested interval is vertically homogeneous. 
Data included in Table 4. 2 indicate that Culebra transmissivity at H-14 
varies with vertical position within the unit. While drilling this hole, 
it was possible to find a packer seat within the Culebra. Testing of the 
upper Culebra was then followed by testing-of the entire unit. The calcu
lated transmissivity of the upper 1.7 m of the Culebra is 1.1 x lo-7 m2/s, 
while that of the entire 8. 2 m thickness of the unit is 3. 3 x lo-7 m2js. 
This indicates that the transmissivity of the lower 6.5 m of the Culebra in 
hole H-14 is approximately 2.2 x l0-7 m2js. The results at H-14 indicate 
that the Culebra cannot be assumed to be vertically homogeneous, since the 
transmissivity of individual zones within the unit vary by a factor of 
about 2. The results at H-14 are in qualitative agreement with the varia
bility indicated by results of tracer-injection tests at holes H-1, H-2c, 
H-3, and P-14 (Mercer and Orr, 1979). 

Because the Culebra dolomite is generally more permeable than the Magenta 
dolomite at and near the W!PP site, less testing of the Magenta has been 
completed at the YIPP. Older transmissivity data for the Magenta dolomite 
are contained in Mercer (1983) and Gonzalez (1983a). The results of recent 
testing of the Magenta dolomite in H-14, H-16, and DOE-2 are included in 
Table 4.3. Overall, reported Magenta transmissivities range from approxi
mately 5.9 x lo-9 m2/s in hole H-14 to 4.0 x lo-4 m2/s in YIPP-25. Magenta 
transmissivities greater than approximately 10-6 m2js are known only in and 
near Nash Draw and the small valley south of the YIPP site (Figure 1.2). 

As mentioned in Section 1.0, modeling of Rustler hydrology through 1983 
assumed that the Culebra and Magenta dolomites were completely confined. 
This is equivalent to assuming that the unnamed lower, Tamarisk, and Forty
niner members of the Rustler have zero permeability. Indeed, standard 
hydrologic testing techniques are inapplicable to these units at the YIPP 
site b'ecause of their low permeabilities. Recent advances in testing, 
data-collection, and interpretation techniques have allowed meaningful 
examination of these units at three locations: DOE-2, H-14, and H-16 
(Table 4.3). Even in the recent testing, however, it has· only been 
possible to test the transmissivities of claystones and siltstones within 
the non-carbonate members of the Rustler. The claystones and siltstones in 
the Tamarisk and Forty-niner Members occur near the center of each unit, 
and are separated from the Magenta or Culebra by a zone of anhydrite/gypsum 
(Ta~le 1.2). The anhydrites within the Rustler still cannot be tested from 
the surface, sinc·e their in situ transmissivities are less than 
approximately 10·ll m2;s (Beauheim, 1986; 1987b). In addition, it still 
has not been possible to measure the transmissivity of the Tamarisk 
claystone, due to its low transmissivity . 
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Table 4.3: Summary of available transmissivity information for members of 
the Rustler Formation in holes H-14, H-16, and DOE-2. Slightly 
modified from data contained in Tables 5-2 and 5-3 of Beauheim 
(1987b) and Table 7-2 of Beauheim (1986). 

Forty-niner 
"claystone" 

Magenta 

Culebra · 

Forty-niner 
"claystone" 

Magenta 

Cu1ebra 

Unnamed member 
siltstone 

· DOE-2 

Forty-niner 
"claystone" 

Magenta 

Culebra 

Zone depth 
(m) 

118.9 - 123.4 

129.2 - 136.6 

166.1 - 174.3 

171.6 - 175.0 

179.8 - 187.8 

213.4 - 221.0 

237.1 - 256.6 

204.2 - 207.5 

213.1 220.1 

251.2 - 257.9 

Test interval 
(m) 

116.1 - 124.7 

128.0 -136.6 

162.5 - 175.0 

170.7 - 177.1 

179.5 - 189.3 

212.4 - 223.7 

225.2 - 259.4 

202.4 - 209.1 

213.4 220.1 

251.2 - 257.9 

Transmissivity 
(m2js) 

3.2 X 10-8 - 7.6 X 10·8 

5.7 x lo-9- 6.0 x lo-9 

3.2 X l0-7 - 3.3 X 10•7 

2.4 x 1o-1o - 6.0 x lo-9 

2.6 x 1o-8 - 3.0 X 1o-8 

7.4 x lo-7 - 9.1 X 1o-1 

2.4 X 10·10 - 2.9 x 1o-1o 

2.7 X l0-9 - 1.2 X 10-8 

1.1 x lo-9 

9.6 x lo-5 

The transmissivity of the Magenta at H-14, H-16, and DOE-2 is 1.1 x lo-9 to 
3.0 x 10-8 m~/s (Table 4.3). The transmissivity of the claystone in the 
overlying Forty-niner in the same holes is comparable, 5.6 x l0-9 to 1.2 x 
10-8 m2;s. The siltstone within the unnamed lower member of the Rustler 
has been successfully tested only in hole H-16, in which it has an 
estimated transmissivity of between 2.4 x lo-10 and 2.9 x 10-10 m2;s. The 
transmissivity of the Culebra in DOE-2, H-14, and H-16 ranges from 1.1 x 
l0-7 to 9.6 x lo-5 m2;s, at least one order of magnitude greater than that 
of any of the surrounding units. 
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The results at H-14, H-16, and DOE-2 indicate that the Culebra is the most 
significant water-bearing unit within the Rustler at and near the YIPP 
site, consistent with earlier assumptions, although in some holes (H-10, 
YIPP-12, P-15) the Culebra transmissivity is similar to the Magenta 
transmissivities measured at H-14, H-16, and DOE-2. However, the recent 
results are inconsistent with previous assumptions, in that they suggest 
that stratabound fluid flow within the portion of the Rustler above the 
Culebra dolomite may occur as much through the Forty-niner claystone as 
through the Magenta, except where the Magenta is significantly fractured. 
At and near the YIPP site, both the Magenta and the Forty-niner claystone 
are more transmissive than the bounding anhydrites; no data are available 
concerning the transmissivity of the Tamarisk claystone. There must be a 
qualitative increase in the transmissivities of the Tamarisk and Forty
niner anhydrites somewhere between the WIPP site and Nash Draw, however, 
since evaporite karst in and near Nash Draw involves formation of small 
caverns and sinkholes within the Tamarisk and Forty-niner Members, as 
briefly discussed in Section 4.4. 

4 .1.1. 2 Head Distribution within the Rustler Formation and between the 
Rustler. Dewey Lake. and Salado- -As mentioned previously, numerical 
modeling of Rustler hydrology through 1983 assumed the Culebra and Magenta 
were completely confined, and that the transmissivities of other units 
within the Rustler were negligible. The results discussed in the preceding 
section indicate that the transmissivities of claystones or siltstones 
within the Rustler are locally measurable at the YIPP site, and are similar 
in magnitude to that of the Magenta dolomite, except where the Magenta is 
fractured. However, the transmissivity of the Culebra dolomite is normally 
at least one order of magnitude greater than that of other units within the 
Rustler at and near the WIPP site, and the transmissivities of Rustler 
anhydrites at and near the WIPP site are too low to measure. These results 
suggest that flow within the Culebra dolomite, parallel to layering, is the 
dominant factor in the hydrology of the Rustler Formation at the YIPP site. 
However, as discussed briefly in this section, fluid pressures and 
densities have been measured locally in units both above and below the 
Culebra. 

Therefore, unless the Rustler anhydrites and/or Tamarisk claystone have 
absolutely zero permeability, there must .be some vertical fluid flow within 
the Rustler. The amount of this flow is not known quantitatively, and 
cannot be measured directly in the field. · At one extreme, vertical fluid 
flow may be completely negligible relative to stratabound flow within the 
Culebra dolomite. At the other extreme, "karstic" hydrology might occur 
within the Rustler Formation at the WIPP site, involving surficial recharge 
fromfhe surface to the Rustler carbonates and/or anhydrites. In order for 
fluid flow to take place from the surface to the carbonate members of the 
Rustler Formation, the head potential within the Forty-niner must be 
greater than that within the underlying Magenta dolomite, regardless of the 
head potential or state of saturation within the Dewey Lake Red Beds. The 
relationships among the effective hydraulic heads of the various members of 
the Rustler Formation, the Salado, and the Dewey Lake in the central 
portion of the WIPP site are shown in Figure 4.1.3. The flow directions 
indicated include the expected effects due to variable brine densities . 
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VERTICAL HYDRAULIC-HEAD RELATIONS AMONG THE 
RUSTLER MEMBERS AT THE WIPP SITE 
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Figure 4 .1. 3: Head relations among units in the Rustler Formation and 
between the Rustler, Dewey Lake Red Beds, and Salado at the 
VIPP site. Figure 6·3 of Beauheim (1987b). 
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Figure 4 .1 .. 3 is based, in part, on testing of the Rustler and lower Dewey 
Lake Red Beds at H-14, H-16, and DOE-2. The transmissivity of the lower 
Dewey Lake was too low for successful testing, i.e., less than approx
imately 1o·ll m2;s. In fact, testing was unable to determine whether the 
Dewey Lake is hydraulically saturated. The regional pattern of hydrologic 
saturation within the Dewey Lake is not well known (Mercer, 1983); only 
very limited evidence has been found for local saturation at the WIPP site. 
South of the WIPP site, water is locally produced from the Dewey Lake, 
perhaps from lenticular sands within the unit (Mercer, 1983). Wells 
probably producing from within the Dewey Lake include the Pocket, Fairview, 
and Ranch wells indicated in Figure 1.2. As noted by Mercer (1983) the 
region east of the Ranch well includes thick active dune sands, and may 
serve as a location for local recharge to the Dewey Lake (see also Section 
4.3.2). 

In holes H-14 and H-16, consistent with the relationships shown in Figure 
4. 1. 3, the Magenta head is greater than the head in the Forty-niner 
claystone (Beauheim, l987b). Therefore, modern fluid flow between these 
two members is upward, rather than downward. Since water at these two 
holes is not moving from the top of the Rustler downwards into the Magenta, 
it cannot be moving from the. surface down into the Magenta dolomite. 

The Dewey Lake Red Beds at H-14 and H-16 may not be saturated. If not, 
fluid flow from the surface to the Forty-niner claystone is not likely. 
Given the uncertainty in regional saturation and head potentials within the 
Dewey Lake Red Beds the results at H-14 and H-16 do not rule out fluid 
movement from the surface downward into the Forty-niner claystone or the 
upper anhydrite in the Forty-niner and/or into the Magenta dolomite in some 
areas; i.e., where the Dewey Lake is saturated. Also, these results do not 
eliminate the possibility of flow between the Dewey Lake Red Beds and the 
Rustler carbonates in the pas~, if heads within the Dewey Lake Red Beds and 
Forty-niner were higher at that time relative to heads within the Magenta. 

Magenta heads near the center of the WIPP site are greater· than Culebra 
heads (Figure 4 .1. 3), consistent with downward flow between these two 
units. As indicated in Figures 17 and 18 of Mercer (1983), the difference 
in heads between the two units tends to increase towards the east and 
decrease towards the west, primarily due to a general east-to-west decrease 
in Magenta heads. Within and near Nash Draw, the heads within the two 
units are similar; in some ·places in and near Nash Draw, (H-7a, WIPP-26, 
WIPP-28), the Magenta is unsaturated (Mercer, 1983). 

Vertical flow from the Magenta to the Culebra has been considered in 
regional-scale modeling of Culebra hydrology (Section 4.1.3.1). However, 
as noted above and indicated _in Figure 4.1.3, it has not been possible to 
measure either transmissivities or head potentials within either the 
claystone or anhydrites in the Tamarisk at or near the WIPP site. Vertical 
flow between the Magenta and Culebra is discussed further by Mercer (1983) 
and Beauheim (l987b). The possible consequences of such flow, as 
considered in numerical modeling of Culebra hydrology (Haug et al., 1987), 
are briefly considered in Section 4.1.3.1 . 
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As noted by Mercer (1983) and Beauheim (1987b), the head potentials in the 
silty portion of the unnamed lower member of the Rustler are greater than 
within the Culebra over much of the area of the tJIPP site. Thus, fluid 
flow into the Culebra from the underlying unnamed member and possibly the 
Salado Formation is possible at both of these locations. However, as 
indicated in Figure 4 .1. 3, it has not been possible to measure either 
transmissivi ties or head potentials within the claystone, halite, or 
gypsum/anhydrite in the upper part of the unnamed lower member. The pos
sible implications of vertical fluid flow from the unnamed member into the 
Culebra in numerical modeling of Culebra hydrology are briefly discussed in 
Section 4 .1. 3 .1. 

4.1.2 Sinele-Pad Interference Testing 

Interference testing at the scale of a single hydropad is designed to 
provide data concerning the hydrologic effects of both fracturing and 
"anisotropy" at a geometric scale of some 30 m. If the test interval 
behaves as a porous medium at the hydropad scale, interference testing 
yields an "anisotropy tensor," which indicates local directions of maximum 
and minimum transmissivities. If. however, the porous-medium assumption is 
not valid at this scale, i.e., if fracturing effects are significant. 
testing at this scale normally provides average system transmissivities and 
storativities along the independent pairs of flow paths. Section 4.1.2.1 
describes the detailed results of single-pad interference testing at the 
H-3 hydropad, and Section 4.1.2.2 the detailed results of testing at the 
H-11 pad. Detailed interpretation of pad-scale interference testing has 
only been completed 'to date for these two locations. Interpretation of 
results obtained at the H-2, H-4, H-5. H-6, H-7, and H-9 pads is ongoing. 

4 .1. 2.1 Interference Testing at the H- 3 Hydropad- -Beauheim (1987a) 
interprets hydraulic data collected at the H-3 hydropad (Figure 4.1.4) 
during single-hydropad testing in 1984 and the H-3 multipad interference 
test conducted in 1985 and 1986. Hole H-3b3 was the pumped hole during the 
1984 test. and H-3b2 the pumped hole · during the H-3 multipad test. 

The characteristic ·drawdown response in both pumped and observation holes 
at the H-3 pad is shown in Figure 4.1.1. As noted in Section 4.1.1, the 
inflection in dimensionless pressure at early dimensionless times indicates 
fracturing at H-3. In fact, the responses of observation holes on the H~3 
pad to the beginning of pumping during both single-pad and multi-pad 
testing tests were practically instantaneous. Observation holes H-3bl and 
H-3b3 responded within five seconds to the beginning of pumping in H-3b2 
during the multipad test. The peak drawdowns in the observation holes were 

' ~ 

90% or more of the drawdown in the pumped hole. even in the relatively 
short 1984 test. As a result, it was necessary to interpret the responses 
of observation holes on the H-3 pad as if these holes were a part of the 
pumped hole. This conclusion is supported by the fact that the calculated 
effective hydraulic radius of the pumped well in the 1984 testing (H-3b3) 
is approximately 146 m (Beauheim, 1987a). This interpretation, however, 
makes it impossible to determine storativities along the flow paths at the 
H-3 pad. 
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Figure 4.1.4: Physical layout of the H-3 hydropad. The figure is a plan 
view, showing positions and distances between wells both at 
the surface and where penetrating the Culebra dolomite. 
Figure 4.1 of Kelley and Pickens (1986) . 
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The results of interference testing on the H-3 pad are summarized in Table 
4.4. There is no significant difference between the interpreted 
transmissivities of the three holes on the H-3 pad, since the range in 
values is only from 3.1 to 3.2 x 10·6 m2/s for the 1984 testing and 1.8 to 
1.9 x 10·6 m2/s for the multipad test. Therefore, there is no apparent 
anisotropy in the hydraulic properties at H-3. There is, however, a 
decrease of approximately 50' between the average transmissivity at H-3 
interpreted from the 1984 testing, in which the pumping phase lasted 14 
days at an average pumping rate of 4.0 gpm, and that interpreted from the 
H-3 multipad interference test, in which the pumping phase lasted 62 days, 
at an average rate of 4.8 gpm. leauheim (1987a) attributes this difference 
to either a real difference in transmissivity. between holes H-3b3 and 
H-3b2, the specific wells pumped in the two tests, and/or to the fact that 
the average transmissivity of the relatively large volume investigated 
during the long-term H-3 multipad test is lower than the average trans· 
missivity of the volume investigated in the shorter-term 1984 testing. 
Consistent with this latter interpretation, the original H·3(bl) trans
missivity of 2. 0 x 10·5 m2js reported by Mercer (1983) is based on a 
combination of bailing/recovery and slug tests, both of short duration. 

Table 4.4 includes estimates of both "skin factor• and the "storativity 
ratio" for individual holes on the H-3 pad. Calculated skin factors range 
from -7.3 to -8.1. As ·discussed by leauheim (1987a), the strongly negative 
skin factors indicate direct connection of all three wellbores with frac
tures, consistent with the interpreted effective radius of 146 m for hole 
H-3b3. Although the storativities of the observation holes on the H-3 pad 
could not be calculated, leauheim (1987a) does calculate •storativity 
ratios• (omegas), the rat-io of fluid storativity within the fractures 
(secondary porosity) to that of the entire system of matrix plus fractures 
(primary plus secondary porosity). The calculated values range from 0.03 
to 0.25. As noted by Saulnier (1987), most fractured-rock systems have a 
storativity ratio less than 0.1. The storativity ratios at the H-3 pad 
indicate unusually high storage within fractures. perhaps due to the 
vugginess of the Culebra. 

4 .1. 2.2 Interference Testin& at the H-11 Hydropad and Comparison with 
Results at the H-3 Pad--Saulnier (1987) summarizes the interpretation of 
pad•scale interference testing carried out at the H-11 hydropad (Figure 
4.1.5) in 1984 and 1985. During 1984, holes H-llbl, H·llb2, and H·llb3 
were each pumped in individual tests lasting from 12 to 21 hours. The 1985 
test, in which H-llb3 was the pumped hole, lasted for 32 days. However, 
complications with instrumentation during the 1985 testing resulted in four 
distinct pumping and recovery periods. The resulting superposition of 
effects complicates interpretation of the 1985 results. 

' ~ 

The results of interference testing at H·ll are included in Table 4.4. The 
interpreted transmissivities for pumped holes and for flow paths between 
p~ed and observation holes on the H-11 pad range from 1.2 x 1o·S to 3.0 x 
10· m2js. With the exception of the interpreted transmissivity of H-llbl 
during 1984 pumping the range is only 2.5 x 10·5 to 3.0 x 1o·S m2js. 
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Table 4.4: Summary of single-pad ineerferenee eeseing resules 
Culebra dolomiee at the H-3 and H-11 hydropads. 
modified from data contained in Tables 6-1 and 6-3 of 
(1987a) and Table 6.1 of Saulnier (1987). 

for the 
Slightly 
Reauheim 

H-3(1) 

H-3b3 (1984) 
pump 

H-3bl (obs.) 
H-3b2 (obs.) 

H-3b2 (1986) 
pump 

H-3bl (obs.) 
H-3b3 (obs.) 

H-11(2) 

H·llbl (1984) 
pump 

H·llb2 (obs.) 
H-llb3 (obs.) 

H-llb2 (1984) 
pump 

H-llbl (obs.) 
H-llb3 (obs.) 

H-llb3 (1984) 
pump 

H-llbl (obs.) 
H-llb2 (obs.) 

H-llb3 (198S) 
pump 

H-llbl (obs.) 
H-llb2 (obs.) 

Transmissivity 
(m2js) 

3.1 X 10·6 

3.2 x 1o·6 
3. 2 x 1o-6 

1.8 x 1o·6 

1.9 x 1o·6 
1.9 x 1o-6 

1.2 X: lo-S 

2.s x 1o·S 
2 . 8 x 1o-s 

2.7 x 10·S 
2.6 x 1o-s 

2.8 x 10·S 

2.7 X 10-S 
2.6 x 1o·S 

3 . 0 x 1o·S 

2.7 X 10·S 
2.8 x 1o·S 

Skin Seorativity 
Faeeor Storativity Ratio (w) 

-7.8 

-7.3 
-7.6 

-8.1 

-7.7 
-8.0 

-3.3 

-4.4 

-4.6 

8 X 10•4 
s.s x 1o·4 

6.1 X 10·4 
4~5 x 1o·4 

6.3 X 10•4 
1.2 x 1o·4 

2.9 x 1o·3 
2.6 x lo-3 

0.07 

0.2S 
0.04 

0.03 

0.2S 
0.10 

0.01 

0.35 
0.35 

0.43 
0.40 

0.01 

0.30 
0.30 

0.01 

0.07 
0.07 

Flow 
Ratio(>.) 

1.3 x lo-9 

2.0 x 10·6 
1.3 x 1o·6 

2.0 X 10•6 
3.8 x 1o·6 

2.3 x 1o·6 

1.3 x 1o·6 
1. 3 x 1o·6 

3.7 x 1o-1 

s.o x 1o-6 
s.8 x 1o·6 

(11) All holes H· 3 pad interpreted as part of pumped hole; therefore, 
storativities not available, but skin factors and point transmissivi· 
ties available for all holes. 

(2) Observation holes on H-11 pad well-behaved; therefore, transmissivi· 
ties, except for pumped hole, are averages between observation and 
pumped hole . 
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Figure 4.1.5: Physical layout of the H-11 hydropad. The figure is a plan 
view, showing positions and distances between wells both at 
the surface and where penetrating the Culebra dolomite. 
Modified from Figure 3.1 of Saulnier (1987) . 
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The behavior of observation holes on the H-11 pad is consistently different 
than that observed on the H-3 pad. Although the observation holes on the 
H-11 pad displayed dual-porosity behavior, their response to the beginning 
and ending of pumping was sufficiently-delayed to allow interpretation as 
observation holes, rather than as part of the pumped well. The calculated 
effective hydraulic radius of H-1lb3, consistent with the behavior of the 
observation holes, is 4.9 m (Saulnier, 1987), as compared to an effective 
radius of 146m at the H-3 pad (Reauheim, 1987a). 

Comparison of the hydrologic behaviors at the H-3 and H-11 pads indicates 
that the hydraulic effectiveness of fracturing at a given site need not be 
proportional to the transmissivity. The interpreted transmissivity of 
H-llb3 during pumping of this hole in 1984 is 2.8 x 10-S m2js, as compared 
to a transmissivity of 3 .l.x 10-6 ia2js for hole H-3b3 in 1984 testing at 
the H-3 pad. However, the effective radius of H-3b3 is 146 m, while that 
of H-llb3 is 5 m. In addition, the observation holes at the H-3 pad had to 
be treated as part of the pumped well, while observation holes at the H-11 
pad behaved properly as observation wells. As shown in Table 4. 3, the 
calculated skin factors at the H-3 pad, which range from -7.3 to -8.1, are 
consistently more negative than those at the H-11 pad, which range from 
-3.3 to -4.6. 

Interpretation of behavior along the assumed radial flow paths between 
observation and pumped wells on the H-11 pads indicates average hydraulic 
storativities between 4.5 x l0-4 and 2.9 x 10-l, with the higher values 
interpreted from testing in 198S. These storativities are higher than 
regional storativities calculated by Reauheim (1987a) from multipad testing 
at the H-3 pad (7.4 x 10·6 to 3.0 x 10-S, see Table 4.6). As at the H-3 
pad, calculated storativity ratios at H-11 range from 0.01 to 0.43, higher 
than normal for fractured media. 

Calculated interporosity-flow parameters (lambdas) at H-11 range from 1.3 x 
lo-9 to 5.8 x 10-6 (Table 4.4). As noted by Saulnier (1987), the 
definition of the parameter lambda includes the ratio of the matrix 
permeability (permeability of the primary-porosity system) to permeability 
of the fractures (secondary-porosity system). Therefore, the calculated 
results indicate that there is a strong contrast between matrix and 
fracture permeabilities at the H-11 pad. As also indicated by Saulnier 
(1987), interpretation of the calculated lambda values at the H-11 pad is 
consistent with effective block or slab dimensions of 0.3 to 1.0 m. The 
available information on the effective block size in fractured portions of 
the Culebra dolomite is discussed further in Section 4. 2, based on the 
results of testing with conservative tracers at the H-3 hydropad. 

Using~ the system transmissivities interpreted from 1984 testing and an 
average storativity of 6.3 x lo-4, Saulnier (1987) estimates the extent and 
orientation of hydraulic •anisotropy" at H-11. The calculated maximum 
transmissivity vector of 3.3 x lo-S m2js is oriented S.8 degrees north of 
east, and the calculated minimum transmissivity vector of 2.1 x 10-S m2js 
5. 8 degrees west of north (Table 4. 5) • The calculated ratio of 1. 6:1 
between maximum and minimum transmissivities at H-11 indicates only a small 
degree of anisotropy. However, the presence of fractures at this site 
indicates that these results are only qualitative; because of the 
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fractures ·, directional variations in properties are al.aost certainly not 
continuous. Also, since the indicated directions of maximum and minimum 
transmissivity do not coincide with any direct flow paths on the H-11 pad, • 
there is no guarantee that either the maximum or minimum values are 
reliable. 

Table 4. 5: SWDDlary of apparent hydraulic anisotropy of the Culebra 
dolomite. Compiled from results contained in Saulnier (1987) 
and Gonzalez (1983b). 

Orientation 
TMAX (m2/s) TMIN (m2js) TKAXfTKIN of TMAX 

~ 

H-4(1) 2.9 x 1o·6 1.1 x 1o·6 2.6 N76ll 

H-5 2.4 x lo-7 9.7 X 10·8 2.5 N25ll 

H-6 1.1 x 10·4 5.2 X 10·5 · 2.1 N29ll 

H-11(2) 3.3 X 10•5 2.1 X 10•5 1.6 N84E 

(1) Data for H-4, H-5, and H-6 from Gonzales (l983b). 
(2) Data for H-11 from Saulnier (1987). 

The available interpretations .of anisotropy within the Culebra dolomite are 
summarized in Table 4.5. Earlier interpretations at the H-4, H-5, and H-6 
pads all explicitly make the porous-medium assumption (Gonzalez, 1983b). 
The interpretation of Saulnier (1987) is based on the calculated system 
transmissivities. The available interpretations indicate transmissivity 
ratios between 1.6:1 and 2.6:1, with a direction of between N84E and N76ll 
for the major transmissivity vector. For calculated major Culebra trans
missivities between 2.4 x 10·7 m2/s and 1.1 x 10·4 m2js and minor transmis
sivities between 9. 7 x 10·8 and 5.2 x 10-S m2js there appears to be less 
than a factor of three hydraulic anis~tropy. The available results 
indicate that there is no consistent orientation of maximum Culebra 
transmissivity. 

~ 

4.1.3 Hultipad Interference Testing 

As noted in the introduction to Section 4.0, the best method of estimating 
the regional distribution of properties within a variable hydrologic unit 
is by regional-scale testing and interpretation. At the lliPP site, two 
regional-scale multipad interference tests of the Culebra dolomite have 
been completed, centered at the H-3 hydropad and at hole lliPP-13. The H-3 

88 

• 

•• 



• 

• 

• 

multipad interference test and related analytical interpretation and 
regional-scale modeling of Culebra hydrology are discussed in Section 
4.1.3.1. The WIPP-13 test and related interpretative and modeling studies 
are discussed in Section 4.1.3.2. 

4.1.3 . 1 Ibe H-3 Multipad Interference Test and the Regional Culebra Model 
of Haug et al. (1987)--The pumping phase of the H-3 multipad interference 
test (Figure 4.1.6) extended from October 15, 1985, to December 16, 1985. 
Recovery monitoring continued until April 16, 1986, when the data
acquisition system at the H-3 pad was turned off. Raw data from the test 
are included in INTERA (1986). Analytical interpretations of both detailed 
results at the H-3 pad and average or apparent transmissivities and 
storativities between H-3b2 (the pumped hole) and the numerous observation 
holes are reported by Beauheim (1987a). Analytical interpretation of 
regional flow patterns generated in response to the test, with emphasis on 
evaluation of a linear-flow regime at · holes H-3, H-11, and DOE-1, is 
reported by Tomasko and Jensen (1987). Numerical calculation or simulation 
of Culebra transmissivities, heads, and fluid densities on the regional 
scale are reported by Haug et al. (1987), as well as modeling of the 
transient pressure responses to the H-3 multipad test. 

Beauheim (1987a) describes the analytical (as opposed to numerical) 
interpretation of hydraulic data collected during the H-3 multipad 
interference test. Results on the H-3 pad itself are discussed in Section 
4 .1. 2. The regional distribution of Culebra properties, based on 
Beauhe im' s analytical interpretation, is summarized in Table 4. 6. The 
analytical . approach used to interpret responses at observation holes 
necessarily assumes both radial flow into the pumped hole and homogeneous 
or average properties between pumped hole and individual observation holes 
(Beauheim, 1987a). Therefore, transmissivity values listed in Table 4. 6 
are apparent average values for an assumed radial flow path between H-3b2 
and the listed observation hole. Beaubeim (1987a) found it necessary to 
correct both pre-test and post-test heads for the relatively long-term 
transient behavior of some water levels at and near the WIPP site (Table 
4. 6) . This transient behavior is in response to some combination of 
hydrologic testing, shaft sinking and sealing operations, and a possible 
regional ·transient. 

Observation-hole responses to the H-3 multipad test fall into three general 
categories. First, on the H-3 pad itself, hydraulic fracturing was 
sufficient to require that Observation holes H-3bl and H-3b3 be considered 
as part of the pumped hole (Section 4 .1. 2). Second, Observation holes 
DOE-1 and H-llbl, respectively 1606 and 2423 m southeast of H-3b2 (Figure 
.4. ~- 6) , responded rapidly to both the beginning and ending of pumping. 
Drawdown in DOE-1 began 48 hours into the test, and that in H-llbl only 
three hours later (Table 4.6). · The average transmissivities interpreted 
along flow paths between H-3b2 and DOE-1 and H-llbl are 5. 9 x 10·6 m2/s 
between OOE-1 and H-3b2 and 7.3 x 10·6 m2/s between H-llbl and H-3b2. 
Calculated apparent storativities along the same flow paths are 1.0 x 10-S 
and 7 . 4 x 10·6, respectively. Beauheim (1987a) concludes that the rapid 
responses at DOE-1 and H-llbl and relatively high calculated transmis
sivities along flow paths between these holes and H-3b2 indicate a 
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e Well not open to Culebra during 
H-3 multipad pumping test 

0 Well open to Culebra dolomite. 
no response to H-3 multipad 
pumping test 

$ Well open to Culebra dolomite. 
(possible) response to H-3 
multipad pumping test 

0 

I 
0 

I 
2 

2 3 miles 
I I 

I I 
3 4km 

Figure 4.1.6: 'Pumping and observation wells for the H-3 multipad 
interference test. Figure 3.2 of Haug et al. (1987). 
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Table 4. 6: Summary of results of analytical interpretation of H- 3 multipad interference test. 

Slightly modified from data contained in Tables 3-1, 5-l, and 6-4 of Beauheim (1987a) . ... 

First Obt.<Z» 
Unllodlfled lnSe[erssaUon Modlfl~ lnserl!£e!ati2Q 

Delay In Held Modification 

"•" DlatanceC•)C1) Direction Drawdown Chra) Max. Drawdown Chr) lC~/a)C3) s H..Z/a) s (Ill( day) 

H·11b1 2423 S42E 79 51 1.4 X 10'5 ·6.6 X 10·6 7.3 X 10·6 7.4 X 10·6 8.6 x 1o·1 
DOE·1 1606 S68E 57 48 9.9 x 1o·6 9.2 x 1o·6 5.9 x 1o·6 1.0 x to·5 s.s x 1o·1 

H·1 1515 1119\1 488 142] 8.9 X 10'7 3.9 x 1o·S 4.9 x u»·· 7 2.1 x 1o·S 2.64 x 10·2 
H•2b2 1270 1154U 4SJ 139] · 2.1 x 1o·6 4.5 x 1o·S 1.3 X 10·6 :s.o x 1o·S 1.16 X 10'2 

"IPP•19 1175 112E 1207 1855 3.1 X 10·6 2.9 x ws 
"IPP·21 1437 113E 437 678 1.2 x 1o·6 9.o x 1o·6 - .. 
"IPP·22 1739 112E 990 727 1.1 x 1o·6 1.1 x 1o·S 

(1) Olatancea and directions 111ea1ured fr011 H·lb2 to the Indicated well. 
(2) Flrtt drawdown and delay In •xl ... drewdown are given relative to tl .... at which~ wea turned S!!J and !!f, reapectlvely. 
(3) Ulwodlfled and lllodlffed trena•laalvltlea CT) and atoratfvltfea Cl) are apparent average values between K·3b2 and Indicated well, 

aaau..lng radial flow to H·3b2. 



preferential connection betveen the 1-3 pad and the southeast portion of 
the VIPP site. He further concludes, consistent vith single-pad 
interference testing at both B-3 and 1-11 (see Section 4.1.2), that this 
connection is related to fractures. Third, boles north and northwest of 
H-3b2 vere much alover to respond to the B-3 INltipad teat, indicating 
relatively poor and variable hydraulic connection in this direction. Hole 
H-1, 815 m from H-3b2, did not respond to pumping until approximately 488 
hours into the test. The beat estimate of the average transmissivity 
between B-3b2 and H-1 is 4.9 z l0-7 a2ja. l-2b2, slightly further from 
H-3b2 than hole B-1, responded earlier (433 hours). The slightly higher 
apparent transmissivity between B-2b2 and B-3b2 (1.3 z 10-6 m2/s) than 
between B-1 and B-3b2 indicates local variability vithin the Culebra 
dolomite, even in the lov-tranniaaivity domain• containin& B-1, B-2, and 
B-3. In contrast to behavior at and southeast of the B-3 .pad, there is no 
indication that regional-scale flow or pressure raapcmae betvean B-3 and 
either B-2b2 or B-1 involved fractures. Bolas VIlP-19, 21, and 22 are 
north of the VIPP facility (Figure 4 .1. 6) • Therefore, their response to 
any pumping test at H-3 vill be influenced by the intervenin& VIPP shafts, 
unless the sealing of these shafts ia perfect. Thera vas, in fact, 
considerable uncertainty about the rates of leakage froa the Culebra into 
the VIPP ezhaust and waste-handling shafts during the B-3 teat. As a 
result, interpreted transmiasivities for flow paths extendin& north of the 
center of the VIPP site, i.e., between B-3b2 and holes VIPP-19, 21, and 22, 
may be inaccurate (Beauheim, 1987a). 

Several observation holes did not respond .. asurably during the B-3 multi
pad test, including B-4, P-14, P-15, and P-17. Therefore, only ainimal 
transmissivltiea could be calculated for areas south and aouthvest of B-3, 
based on the lack of response. Beauheim (1987a) estimates that the average 
transmissivity between B-4 and B-3b2 would need to be leas than 1.0 z 
lo-6 m2js. As indicated in Table 4.2, drUling and teatin& of hole B-14 
has since yielded results consistent vith this boandin& interpretation. 

Tomasko and Jensen (1987) note a strikingly linear relationship between the 
observed dravdovns and the square root of tt.e in holes B-3b2, 1-llbl, and 
DOE-1 during the B-3 multipad test, and conclude froa this that much of the 
response to the teat in this area vaa a result of •linear flow, • in which 
·flow ia largely confined to a linear high-tranamiaaivity structure between 
leas-permeable boundaries. Their interpretation is a second line of 
evidence for a high-trallUliasivity structure in the southeastern part of 
VIPP Zona 3. Figura 4.1. 7 ahovs the nearly linear response of B-3b2 versus 
the square root of time during the pumpin& phase of the B-3 aaltipad teat. 
Tomasko and Jensen (1987) interpret the ltaited curvature ahovn in Figure 
4.1.7 to reflect the fact that the hi&h-tranamissivity structure containing 
l-3b2 is . f~ita in width. 

Figure 4.1.8 compares observed drawdovns and reccweriea at B-11 and DOE-1· 
with those calculated assuming liDear flow in a hish-tranamiasivity 
structure oriented N29V. There is aood agreement during the pumped phase, 
even with a aodel that used a d.mplifiad transmissivity distribution. 
Although calculated drawdovns uceed those measured, the shape of both 
drawdovn and recovery curves agree well. This linear-flow approach yielded 
average transmissivitiea of 2.2 z lo-6, 9.7 z 10-6, and 2.0 z lo-5 m2/a for 

92 

• 

• 

• 



• 

• 

• 

160 

45 -E ----z 120-z 
~ ~ 
0 30 0 
Q •• Q 

~ /'' 80 ~ c c a: 
Q 

a: 
Q 

0 0 
0 10 20 30 40 

SQUARE ROOT OF TIME (hrs) 

Figure 4 .1. 7: Observed drawdown versus the square root of time in hole 
H-3b2 during the H-3 multipad interference test. Slightly 
~odified · from Figure 15 of Tomasko and Jensen (1987) . 
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Figure 4.1.8: Comparison of measured and simulated responses at H-11 and 
DOE-1 during the H-3 multipad interference test, assuming 
perfectly linear flow. Figure 25 of Tomasko and Jensen 
(1987). 
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the H-3 pad and between H-3 and DOE-1 and H-11, respectively. These 
results are in qualitative agreement with the results of Beauheim (1987a) 
discussed above (2.0 x 10·6, 5.9 x 10·6, 7.3 x 10·6 m2js, respectively) . 

The analytical approaches discussed thus far involve specific assumptions, 
some of which pose real limitations in interpretation of testing on this 
geometric scale within a unit as complex as the Culebra dolomite. These 
include: 

1. Regional-scale flow is assumed to be either perfectly radial or 
perfectly linear. 

2. Transmissivities are either assumed uniform between pumped hole and 
observation hole, or a simplified transmissivity distribution is 
assumed. 

3. Constant fluid density is assumed. 

· 4. The Culebra dolomite is assumed to be completely confined. 

In contrast, the approach taken by Haug et al. (1987), using the code SY!FT 
II (Reeves et al., 1986a; Reeves et al., 1986b), is fully numerical, and 
includes consideration of: a) a more complex pattern of regional flow, 
based on calculation of transmissivities between measurement points: b) 
variable fluid densities: and c) vertical fluid flux into or out of the 
Culebra. The modeling approach of Haug et al. (1987) assumes steady-state 
boundary conditions . 

The results of non-directional kriging of the April 1986 Culebra
transmissivity data base (Figures 4.1.9 and 4.1.10) provide a quantitative 
indication of the statistical reliability of the data base at that time, 
independent of geologic and hydrologic judgement. The limited size of the 
data base resulted in the kriged transmissivity pattern consisting largely 
of "circles• around measured data points (Figure 4.1.9). The roughly 
circular areas within which the uncertainty in transmissivity (defined here 
as one standard deviation) was less than one order of magnitude were cen
tered on individual hydro holes and approximately one kilometer in diameter 
(:Figure 4.1.10). The only regions in which the areas of one-order-of
magnitude uncertainty overlapped was in the regions H-1 • H-2 - H-3 and 
H-11 - DOE-1. Thls finding provided strong impetus for testing of addi· 
tional holes within YIPP Zone 3, as indicated by the large number of holes 
in Table 4.1 for which ·data have been collected or revised since April 
1986. 

~ One maJor emphasis of Haug et al. (1987) is consideration of the regional 
hydrologic behavior of the Culebra, independent of transient effects 
imposed by the YIPP facility. This required estimation of Culebra bead 
potentials as they existed prior to the sinking of the YIPP shafts (Figure 
4.1.11). Figure 4.1.12 shows the simulated or calculated Culebra 
transmissivity distribution resulting from calibration of downhole 
pressures within the Culebra against the •measured" pre-shaft freshwater
equivalent head potentials shown in Figure 4.1.11. The calibration effort 
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MODEL AREA 

0 1. 2mlles 
1-
__ ... , __ ~. 

..... I I I 
0 · 1 2 3km 

0 DATAPOINT 
TRANSMISSIVITIES IN m2/a 
CONTOUR SCALE: LOGARITHMIC 
CONTOUR INTERVAL: 0.2 log m2/a 

Figure 4 .1. 9: Initial kriged Culebra transmiss i vi ties , based on c:la. ta 
available as of April 1986. Slightly modified from Figure 
3.7 of Haug et al. (1987). 
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MODEL AREA 

(:;) /1.o, 
H-280 oH-1 

~at0 \.o, 1.0_.... 
oDOE-1 ~ 

H-118~ 
~-17 
1. 

G /1.0\ 
H-12 

OH-781 

0 DATAPOINT 

0 1 2mlles CONTOUR SCALE: LOGARITHMIC 

I I I I I 
I CONTOUR INTERVAL: 1.0 log mZ/s 

0 1 2 3km 

~ 

Figure 4 .1.10: Estimation error in initial ltriged Culebra transmissi vi · 
ties, based on data available as of April 1986. S1ightl 
modified from Figure 3.8 of Haug et al. (1987) . 
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MODEL AREA 

.. , '-r · • 

o DATA POINT; CONTOUR INTERVAL 2m 

·Figure 4.1.11: Best estimate of pre-shaft Culebra freshwater equivalent 
heads, based on data available as of April 1986. Slightly 
aodified from Figure 3.9 of Haug et al. (1987). 
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MODEL AREA 

ZONE3 
H-6 

P-14 

® 

..-'p 
H-7 ·o 
, 0 I 

o DATA POINT; CONTOUR INTERVAL 1 log m2/sec 

Figure 4.1.12: lest calculated distribution of Culebra transmissivities, 
based on pressure calibration to head distribution shown in 
Figure 4.1.11. Slightly modified from Figure 4.4 of Haug 
et al. (1987) . 
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involved use of •pilot points• in soae locations between measured data. At 
the pilot points, transmissivities were assigned, consistent with the 
uncertainty in initial kriged values. Evaluation of the statistical 
properties of the expanded data base including the pilot-point • 
transmissivities indicated that the statistical properties of this data 
base were consistent with those of the measured data. 

The transmissivity distribution in Figure 4.1.12 is marked by four main 
features: 

1. A large and apparently continuous zone of relatively low transmis
sivity (T<l0-6 m2js) including the site center. the locations of the 
lliPP shafts, and extending to the east and northeast. 

2. An apparently isolated region of low transmissivity in and near the 
southeastern portion of . the site, in the region P-15 - H-4 - P-17. As 
noted in Section 4 .1.1, it is not clear from existing point data 
whether or not this zone is connected · to the low-transmissivity zone 
closer to the site center. · 

3. A narrow high-transmissivity zone (T>lO -5 m2js) in the region 
containing H-11 and DOE-1, and extending to the south. This zone was 
largely required in the model to account for the relatively low heads 
observed at H-11 and DOE-1 (Figure 4.1.11). 

The central portion of the high-transmissivity zone is defined in Haug 
et al. (1987) only by several pilot points, since no data from within 
the zone were available as of April 1986. The zone is consistent with 
results of both leauheill (1987a) and Toiii&Sko and Jensen (1987). Model 
transmissivities in the central part of the zone, approximately 3. 0 x • 
l0-4 m2js, are similar to the transmissivities at H-9b (1. 7 x l0-4 
m2js) and P-14 (2.3 x 1~-4 m2;s), but lower than the transmissivity at 
H-7b (1.1 x l0-3 m2js) (Table 4.1). The assigned value was chosen in 
the effort to be reasonably •conservative, • i.e., to have the zone 
contain as high a transmissivity as was reasonable. 

4. A relatively large and apparently continuous high-transmissivity 
zone in the western part of the modeled · area. As of April 1986, the 
high-transmissivity zone included measured data only at holes H-6, DOE-
2, P-14, and H-7. The need to define the relationship of this high
transmissivity zone to the low-transmissivity zone containing the 
center of the VIPP site was a aajor driving force behind aaultipad 
interference testing at VIPP-13 (Section 4.1.3.2). 

. ~ 

The calculated transmissivity distribution (Figure 4.1.12) served as a 
basis for further model calibration (Haug et al., 1987). The distribution 
of Culebra fluid densities .. asured as of April 1986 is shown in Figure 
4.1.13. Culebra fluids in the vicinity of the VIPP site range in density 
from approximately 1.00 to greater than 1.10 gjcm3 (see Section 4.1.3.2). 
Two main features of Figure 4.1.13 are of note: 
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MODEL AREA 

•H-7 

. .. .. 

•H-12 

• DATA POINT; CONTOUR INTERVAL 0.01 g/cm3 
0 1 2 miles I I I I I I 
0 1 2 3km 

Figure 4.1.13: Best estimate of densiey distribution of Culebra fluids. 
based on information ·available as of April 1986. Figure 
3.10 of Haug et al. (1987) . 
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1. A linear zone of steep gradient in fluid density separates a large 
area of high fluid density (1.08 g/cm3 or greater) east of the site 
center from an analogous area of relatively low fluid density (1.04 
g/cm3 or less) west of the site center. ~ 

2. Major curvature in the lines of fluid densities 1.01 through 1.04 
g/cm3 in the northwest part of the modeled area. As of April 1986, 
only measured density data from H-6, DOE-2, H-2, and P-14 provided 
control for this curvature. 

During calibration of Culebra transmissivities against fluid densities, the 
interpolated brine densities near the boundaries of Figure 4.1.13 were 
first used as initial boundary conditions in simulation of assumed 
variable-density steady-state confined flow within the Culebra (Haug et 
al. , 1987). The results of this approach were not satisfactory (Figures 
4.1.14 and 4.1.15). Calculated brine densities at steady state are too low 
in the eastern portion of the model. · The density contrasts in the eastern 
portion of the model (with the exception of the region near P-17) were 
adjusted successfully by slightly increasing the transmissivity in the 
northeastern portion of the model, without significantly changing fluid 
densities assigned at the boundaries. Over the western portion of the 
model, the problem was more severe. At steady state, a large area, 
including holes H-1, H-2, P-17, P-15, and P-14, was calculated to have 
fluid densities between 1.04 and- 1.05 g!cm3, compared to measured densities 
of 1.06 g,/cm3 at P-17 and less than 1.03 g,tcm3 at the other holes. The 
high calculated brine densities over the western portion of the site 
reflect the southward movement of the relatively dense brines at H-6 and 
DOE-2 required by steady-state confined flow (Haug et al., 1987). 

These results are taken by Haug et al. (1987) to be consistent with at 
least three possibilities: 

1. The interpolated brine densities along the- northern boundary of the 
model are incorrect, except for the . measured value at H-6. This 
possibility is considered in detail by Haug et al. (1987). Because of 
the recent increase in brine-density data in the northwest portion of 
the modeled area, the possibility is not considered further here (see 
Section 4.1.3.2). 

2. There is enough vertical fluid leakage into and/or out of the 
Culebra to significantly affect fluid densities within the unit. This 
possibility is considered further by Haug et al. (1987), and is 
discussed below (see also Section 4.1.1). 

' ~ 

3. The Culebra hydrologic regille is not at steady state on the time 
scale required for water flow across the modeled area. Transient 
boundary conditions for the hydrology of the Rustler Formation are 
consistent with recent geologic and isotopic results discussed in 
Sections 4.3 and 4.4, but have not yet been modeled directly, and are 
not considered further here. 
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MODEL AREA 

I 
ZONE3 

H-6 

0 
P-14 H-20 

P-15 

H-4 

H-5 

P-180 

H-110 

OP-17 

o DATA POINT; CONTOUR INTERVAL 0.01 g/cm3 

Figure 4 .1.14: Calculated steady-state, brine-density distribution within 
the Culebra dolomite, based on data available as of April 
1986. Slightly modified from Figure 4. 7 of Haug et al. 
(1987) . 
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MODEL AREA 

o DATA POINT~ CONTOUR INTERVAL 0.01 g/cm3 

Figure 4.1.15: Difference between calculated steady-state brine density 
distribution vi thin the Culebra (Figure 4 .1.14) and the 
measured · estimated distribution shown in Figure 4 .1.13. 
Slightly modified froa Figure 4.8 of Haug et al. (1987) . 
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Haug et al. (1987) initially addressed the density contrast over the 
western portion of the modeled area by assuming that brine densities along 
the northern boundary of the model were incorrect; therefore, calibration 
against ·fluid density did not change interpolated transmissivities in this 
area. In the vicinity of hole P-17, however, better agreement between 
calculated and measured fluid densities was obtained by shifting the 
location of the southern high-transmissivity zone in Figure 4.1.12 closer 
to P-17. 

Haug et al. (1987) then considered the possibility of vertical fluid flow 
into and/or out of the Culebra dolomite in ewo areas: 

1. At and near P-17, where measured brine densities were 0.04 g!cm3 
higher than those calculated. Upward flow of relatively dense brine 
from the Rustler/Salado contact zone, through the unnamed lower member 
of the Rustler, into the Culebra dolomite was considered at this 
location, consistent with known bead relationships (see Section 4.1.1). 

2. Over the western and southwestern part of the modeled area, in 
which measured fluid densities are significantly less than modeled 
densities. Uniform downward flow of relatively fresh (low-density) 
fluids from the Magenta into the Culebra was considered in this area. 

Assuming a brine density of 1.19 g!cm3 for the Rustler/Salado contact zone 
and/or unnamed lower aember of the Rustler in the region near P-17, Haug et 

· al. (1987) estimate that a vertical flux of lo-12 m3;m2s would be suf
ficient to result in a calculated brine density within the Culebra of 
1. 06 g!cm3, the ~~eaaured value. Given the approximate vertical gradient of 
0.18 m/m at this location, based on head relations shown in Mercer (1983), 
this flux would require a vertical hydraulic conductivity of 5. 7 x 
lo-12 m/s in the unnamed member. This is within the range thought reason
able (Haug et al., 1987), but slightly higher than recently measured adja
cent to the VIPP waste-handling shaft (Section 3.3.1.2). Thus, a very 
small upward flux into the Culebra in the vicinity of P-17 appears to be 
largely consistent with known data, and improves agreement between measured 
and calculated brine densities in the area. However, it is not feasible to 
measure the small flux in a reasonable time in the field. 

In considering fluid flow from the Magenta dolomite downward into the 
Culebra over the western portion of the modeled area, Haug et al. {1987) 
asswaed a brine density of 1.00 g/cm3 for the Magenta. Addition of a small 
but constant vertical flux of 5 x 10~12 m3;m2s over the western portion of 
the model led to two qualitatively different responses: 

~ 1. In areas of low Culebra transmissivity, the resulting freshwater
equivalent heads were increased significantly, causing unacceptable 
disagreement between calculated and observed heads. In these areas, 
however, the assumed flux did significantly decrease the calculated 
brine densities within the Culebra. 

2. In areas of high Culebra transmissivity, addition of the vertical 
flux did not significantly harm the agreement between calculated and 
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measured freshwater heads, nor did it significantly improve the 
agreement between measured and calculated brine densities within the 
Culebra. 

Vertical flux from the Magenta downward into the Culebra dolomite over the 
western portion of the modeled area is consistent with known head and 
fluid-density relationships in some areas (Section 4.1 . 1.2). However, the 
flux, if real, must be laterally variable rather than constant, and the 
vertical conductivity of the Tamarisk claystone and anhydrites between the 
Magenta and Culebra may simply be too low at and near the site. The 
modeling results of Haug et al. (1987) suggest that vertical flow rates 
must be higher in regions in which the Culebra is more transmissive, and 
lower in regions where it is less transmissive. This amount of coupling of 
Culebra transmissivity with that of the overlying Tamarisk and Magenta 
members has not been identified in the regional variations in 
transmissivities of the different members of the Rustler at and near the 
YIPP site. For example, the transmissivity of the Tamarisk claystone, 
between the Magenta and Culebra, is too low for measurement at and near the 
site; the transmissivity of the Tamarisk anhydrites may be even lower. 
Given enough modeling time and effort, it appears that excellent agreement 
between measured and calculated brine densities within the Culebra dolomite 
could be obtained by calibration against both transmissivity distribution 
in the Magenta, Tamarisk, and Culebra and vertical flux, assuming steady
state boundary conditions. However, this agreement would not in any way be 
unique, and might not be consistent with the inability to measure proper
ties within the Tamarisk. This is not to say that vertical flow is not 
occurring within the Rustler Formation (see Sections. 4.1.1 and 4.4), simply 
that data are not adequate to model it precisely. The extremely low 
transmissivity of the Tamarisk claystone and anhydrites, relatively high 
transmissivity of the Culebra, and geochemical relationships within the 
Rustler (Section 4.4) suggest that transient confined flow within the 
Culebra dominates Rustler hydrology at and near the YIPP site. 

In summary, model calibration to the Culebra pre-shaft head distribution by 
Haug et al. (1987) largely met with success, but also indicated uncertain
ties in the understanding of Culebra and Rustler hydrology. Calibration to 
the freshwater head distribution was successful to within one meter of 
measured values • . Assuming steady-state confined flow, however, the result
ing Culebra transmissivity distribution was not successful in simulating 
the · measured brine-density distribution. In the eastern portion of the 
model, the required adjustment in transmissivity was minor. Over · the 
western portion ·of the model, the results of Haug et al. (1987) indicated 
that: 1) the April 1986 understanding of brine densities may be quali
tatively incorrect; 2) there may be regional-scale vertical flow within the 
Rustler Formation; and/or 3) the hydrologic setting of the Rustler Forma
tion may ·b• transient on the time scale required for groundwater flow 
across the modeled area. 

The next step in model calibration by Haug et al. (1987) was simulation of 
transient stresses within the modeled area, assuming steady-state boundary 
conditions. Several transient activities were simulated, including: 
1) sinking and grouting of the three existing YIPP shafts; 2) three pumping 
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tests and slug tests at H-2; 3) convergent-flow tracer testing at H-3; 4) a 
step-drawdown hydraulic test at H-3; and 5) the multipad interference test 
at H-3 . 

Responses to shaft sinking and grouting (both occurring before the H-3 
multipad test) were well simulated using the density-calibrated trans
missivity distribution estimated by calibration to the pre-shaft head 
distribution. From this, Haug et al. (1987) concluded that the trans
missivity distribution in the region containing H-1, H-2, H-3, DOE-1, and 
H-11 was approximately correct. · 

Responses in the WIPP shafts and in holes-WIPP-19, 21, and 22 during and 
after the H-3 multipad test could not be simulated closely unless 
additional leakage in the shafts was assumed · to have occurred during the 
test. This conclusion, while coincidental, is supported by the fact that 
the hydraulic responses to sinking and initial grouting of the shafts were 
well simulated using the •steady-state• transmissivity distribution, while 
the later H-3 test itself was not. 

The final calculated Culebra transmissivity distribution and fluid-flow 
velocities estimated on the basis of data available as of April 1986 and 
including adjustment for fluid-density effects in the eastern half of the 
model are shown in Figure 4 .1.16. Four features are of note in this 
figure: 

-1 

1. Fluid flow (presented as Darcy velocities) is extremely slow in the 
area H-12 - H-5 - WIPP-12. Calculated Darcy velocities in this area 
are 10·9 m/s or less . 

2. Fluid flow in the southeastern portion of the model is strongly 
dominated by the high-transmissivity zone in the area H-11 - DOE-1 - P-
17. Flow in this area is largely north-south, with Darcy velocities of 
approximately 10-8 m/s. 

3. Flow in the northwest and western portions of the modeled area is 
rapid and largely north-south. Darcy velocities in this area range 
approximately from 5 x lb-9 to 1 x 10·8 m/s. 

4. The region near the center of the VIPP site (WIPP-12 - P-15 - P-17) 
has relatively low Darcy velocities, approximately l x l0-9 to 3 x 
lo-9 m/s. The high-transmissivity zone to the southeast forces fluid 
flow in the · region between H-4 and the center of the site to be 
northwest-southeast, in effect connecting the two high-transmissivity 
zones southeast and northwest of the site center. The control for this 
flow at the time of the H-3 multipad test was limited, since hole H-14 
did not exist at that time. 

As discussed in Section 4 .1. 2, interference testing at the H- 3 and H -11 
hydropads indicates the strong local influence of fracturing on hydraulic 
response. Haug et al. (1987) investigate whether or not a dual-porosity 
formalism is required to model regional-scale responses within the Culebra 
dolomite by examining times required for pressure equilibration between 
matrix blocks and fractures . 
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Figure 4.1.16: Final calculated Culebra transmi.ssivities and flow direc
tions, based on data available as of April 1986. Slightly 
modified from Figure 4.11 of Haug et al. (1987). 
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The time required for pressures in the fracture and matrix in a fractured 
medium to equilibrate to within 1' is proportional to the square of matrix 
block size and linearly proportional to the fluid diffusivity within the 
matrix. For a range of Culebra matrix block sizes (fracture spacings) 
between 1 and 8 m and a representative range of matrix compressibilities, 
matrix porosities, and matrix conductivities, Haug et al. (1987) calculate 
a maximum pressure-response time of 26 days. For the base-case properties 
interpreted from conservative-tracer testing at the H-3 pad (Section 4.2) 
the calculated pressure response time is only six hours. Based on these 
preliminary calculations, Haug et al. (1987) conclude that a dual-porosity 
formalism is not needed in modeling the regional-scale hydraulic responses 
within the Culebra dolomite at and near ~he YIPP site. Haug et al. (1987) 
modeled the transient hydraulic responses at the H-3 hydropad to both shaft 
sinking and sealing and the H-3 multipad interference test using both dual
porosity and porous-medium formalisms to examine this conclusion further. 
Consistent with their conclusion that use of the dual-porosity formalism is 
not needed at a regional scale, the maximum difference between t~e 

transient freshwater heads calculated using the two approaches is 0.02 m. 

However, the validity of this conclusion is somewhat limited by the range 
of fracture spacings considered. The correlation between fracturing and 
transmissivity within the Culebra discussed in Section 4.1.1 indicates that 
fracturing is significant in areas of transmissivity greater than 
approximately 10·6 m2/s. The approximate fracture spacing at the H-3 pad, 
with a transmissivity of 2 x 10-6 m2js, is 0.25 to 1 m (Section 4.2). 
Zones of higher transmissivity presumably have smaller effective block 
sizes. The preliminary calculations of Haug et al. (1987) indicate that it· 
is in zones of otherwise low transmissivity, in which fracturing is not 
evident in single-hole testing, and in which fracture spacings may 
significantly exceed the thickness of the Culebra, that hydraulic behavior 
on something approaching the regional scale might be controlled by 
fracturing. ·However, there is no evidence of any discrete fracture 
structures within low-transmissivity portions of the Culebra dolomite at or 
near the YIPP site. 

In sWIIIIUlry, fielding and interpretation of the H-3 multipad interference 
greatly increased the understanding of the hydrology of the Culebra 
Dolomite Member of the Rustler Formation. It emphasized the role of 
fracturing and lack of hydraulic anisotropy within the H-3 hydropad. The 
analytical interpretation by Beauheim (1987a) indicated the presence of a 
high-transmissivity region in the vicinity of H-11 and DOE-1, suggested 
strong directional dependence of responses to the test, and suggested that 
transmissivities between H-3 and H-4 were probably less than 10·6 m2js, an 
interpretation later confirmed by drilling and testing of hole H-14. !he 
interpretation of Tomasko and Jensen (1987) indicated that regional-scale 
flow in the southeastern portion of the WIPP site was probably controlled 
by a linear high-transmissivity zone. Numerical modeling of the site area 
by Haug et al. (1987) yielded a more complete estimate of the lateral 
distribution of Culebra transmissivities, qualitatively consistent with the 
interpretations of Beauheim (1987a) and Tomasko and Jensen (1987). A high
transmissivity region in the vicinity of H-11 and DOE-1 was interpreted to 
be present, in addition to a largely separate high-transmissivity zone west 
and northwest of the site center. Large areas northeast, east, and 

109 



southwest of the site· center appeared to have low transmissivity. The 
interpretation of Haug et al. (1987) indicated both that fluid flow on the 
VIPP site proper was largely controlled by the high-transmissivity zone • 
containing holes H-11 and DOE-1, and that the effects of this zone included 
northwest to southeast flow across the area including H-4 and the site 
center itself. Consideration of discrete fractures or inclusion of dual-
porosity formalism appears not to be required to model the regional-scale 
hydrologic behavior of the Culebra dolomite at and near the YIPP site. 

Limitations to interpretation of the H-3 multipad test strongly influenced 
hydrologic field activities in 1986 and 1987. On a regional scale, the 
information gained through . the H- 3 test supported fielding and 
interpretation of a test centered at YIPP-13, which is discussed in the 
next section. In preparation for this test, updated and more-reliable data 
on the Culebra were collected at DOE-2, and a series of VIPP holes (13, 18, 
19, 21, and 22). The paucity of reliable data in the southern half of Zone 
3 led to the drilling and testing of H-14 and ·H-15, as well as to reentry 
and testing of the Culebra in P-17, H-4c, P-14, P-15, Cabin Baby·l, and 
ERDA·9. The scarcity of head-potential and hydraulic-property data from 
members of the Rustler other than the Culebra led to testing of all members 
in holes H-14, and H-16. H-16 itself was sited primarily to address the 
problem of linkage between all five members of the Rustler Formation and 
the YIPP air-intake shaft. 

4 .1. 3. 2 The WJPP-13 Multipad Interference Test and the Rec;ional Culebra 
Model of LaVenue et aL 0988> --The second regional-scale or multipad 
interference test of the Culebra dolomite was centered at hole VIPP-13 
(Figures 1.2 and 4.1.17). The pumping phase of the VIPP-13 test lasted • 
from January 12, 1987, to February 17, 1987. Yater levels were monitored 
continuously in 17 surrounding wells, at distances ranging from 1280 to 
6248 m. Analytical interpretation of the YIPP-13 multipad test is 
discussed by Beauheim {1987c). Numerical simulation of Culebra transmis-
sivities and pre-shaft heads in an area including that examined in the 
VIPP-13 test is the primary focus of LaVenue et al. {1988). This effort 
includes evaluation of long·term transient hydrologic data at and near the 
YIPP site. Detailed modeling of transient effects of the YIPP·l3 multipad 
test will be combined during 1988 with calibration of the transient effects 
of a planned multipad interference test at the H·ll hydropad and emplace-
ment of the YIPP air-intake shaft. 

The effects of dual-porosity behavior were quite strong in YIPP-13 during 
the pumping phase of the YIPP·l3 test {Figure 4.1.18). The Culebra in 
YIPP-13 has an estimated transmissivity of 7.4 x 10·5 m2;s {Beauheim, 
l987c). The Culebra in and near YIPP-13 is best thought of as a double· . ~ 

porosity medium with unrestricted interporosity flow {Beauhetm, 1987c). 

The analytical interpretation by Beauhetm (1987c) indicates that YIPP·l3 
lies within a relatively homogeneous fractured region, which includes YIPP-
13 and DOE-2, as well as the H-6 hydropad {both H·6a and H·6b were 
monitored during the YIPP-13 test). DOE·2, at a distance of 1475 m from 
YIPP-13, responded within one hour to the beginning of pumping, while H·6b, 
at a distance of 2188 m, responded within 8 hours . {Table 4. 7). The 
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LOCATIONS OF THE WIPP SITE AND OBSERVATION WELLS 
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Figure 4.1.17: Pumped and observation wells for the YIPP-13 mu1tipad 
interference test. Figure 1-1 of Beauheim (1987c) . 
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Table 4.7: Summary of analytical interpretation of results of the WIPP-13 multipad interference 

test. Slightly modified from data conatined in Tables 3-1, 5-l, and 6-1 of Beauheim 
(1987c). 

First (2) Delay In Ms11I11U11 Water· level 

Well Dlatence(lll)( 1) Direction Drawdown (hrs) Mall. Drawdown Chr) Drawdown (Psi) u..Z/s)C3) s Modification (m/day) 

WIPP·13 0 . 0 0 1.4 11 1o·5 

D0£·2 1475 N45E 1 1 17.3 6.1 11 1o·5 5.1 11 1o·6 

H·6a 2192 N20W a 5 7.7 7.6 11 1o·5 a.2 11 1o·6 

H·6b 21a9 N20W a 5 7.9 7.4 11 1o·5 7.9 11 1o·6 

WIPP·30 55a7 N12E 61 136 4.9 3.0 11 1o·5 5.6 11 1o·6 5.3 11 to·3 

WIPP·12 12a3 S55E 74 186 11.9 a.5 11 1o·6 3.6 11 1o·5 4.5 11 1o·3 

WIPP·1a 1521 S45E 74 86 9.3 2.5 11 to·5 4.0 11 1o·5 3.6 11 1o·3 

WIPP·19 1a23 S37E 102 . 186 7.2 2.6 11 1o·5 4.0 11 1o·5 7.6 11 1o·3 

UIPP·21 2216 S29E 133 396 3.6 z .4 11 1o·5 5.3 II 10"' 1.7 II 10"2 

UIPP·22 1933 S34E 102 286 5.7 2.0 11 1o·S 4.7 11 1o·5 a.2 11 1o·3 

H-1 2676 S16E 600 2086(7) 1.1 2.2 11 1o·5 1.3 II 10•4 1.4 11 1o·2 

H·2b2 2597 sow 445 986 . 1.4 1.1 11 1o·S 1.1 11 1o·S 6.0 11 1o·3 

£RDA·9 251a S24E 550 396 2.0 2.4 11 1o·5 5.4 11 1o·5 1.6 11 1o·2 

Exhaust 1.0 11 1o·5 5.5 11 1o·S 2.9 11 10"2 
shaft 2414 S26E 400 336 J 

P·14 422a 558\1 71 56 o.e 2.a .i 1o·" 5.2 11 1o·S 

UIPP·25 6264 S88U 76 26 0.3 7.0 · 11 1o·4 6.4 11 1o·5 

(1) Olstance and direction from WIPP·13. 
(2) Time relative to beglmlng and ending of ~lng phase. 
(3) Apparent and effective transmissivity (l) and storatlvlty (5) assune homogenous properties between WIPP·13 and given well, as 

well as radial flow Into WIPP-13. 



apparent averase transm.issivities between VIPP-13 and holes DOE-2 and H-6b 
are 6.1 x lo-5 m2/s and 7.4 x lo-5 m2/a, respectively. The rapid responses 
at DOE-2 and B-6b and the low apparent atorativitiea between these holes • 
and VIPP-13, 5.1 x 10-6 and 7. 9 x lo-6, respectively, aussest that the 
hydraulic response in this resion is stronsly affected by fracturing 
(Beauheim, l987e). 

The boundaries of the zone containinJ VIPP-13, DOE-2, and B-6 are complex. 
To the north, the zone appears to extend nearly to hole VIPP-30 (Beauheim, 
l987e). This interpretation is baaed larsely on the fact that VIPP-30, 
with a reported transmissivity of only 3.2 x l0-7 a2Ja (Beauheim, l987b; 
Mercer, 1983) and at a distance of 5587 • from VIPP-13, responded within 61 
hours to the besinnins of pumpinJ. In addition, the apparent averase 
storativity between VIPP-13 and VIPP-30, 5.6 x 10·6, is similar to that 
calculated between VIPP-13 and both J)()E-2 and B-6b. Analytical interpreta
tion of the response of DOE-2 to pumpins of VIPP-13 requires addition of a 
low-permeability boundary: i.e., the response at DOE-2 shows the effects of 
a low-permeability region nearby. A ch&nJe from hish to lov Culebra trans
missivities must occur somewhere between DOE-2 and VIPP-12, as well as 
between DOE-2 and B-5. 

Results contained in Beauhetm (l987b) indicate a Culebra transmissivity of 
approximately 1.0 ·x l0-7 m2/s in VIPP-12 (Table 4.2). The apparent averase 
transm.issivity between VIPP-13 and VIPP-12 is 8.5 x 10-6 m2Ja (Beauhetm, 
l987e). VIPP-12, only 1283 m from VIPP-13, did not respond to pumpins of 
VIPP-13 until 74 hours into the teat. Thus, by analoiY with arJ1Dilents 
concernins the response of VIPP-30, the boundary between the hish
transmissivity zone eontainins VIPP-13 and the low-transmissivity zone 
containins VIPP-12 must lie relatively close to VIPP-13. 

South of VIPP-12, the · boundary between hish~tranamiaaivity and low
transmissivity domains probably lies further away from VIPP-13. Boles 
VIPP-18, 19, 21, 22: B-1, 2; and EllDA-9 all have estimated Culebra 
transmissivities of 1.0 x 10·6 m2/a or leas (Table 4.1). The apparent 
effective averase transmissivities between VIPP-13 and these holes range 
from 1.7 x l0-5 to 2.6 x lo-5 m2/s (Table 4.7), while that between VIPP-13 
and the VIPP exhaust abaft b 3.0 x l0-5 m2Ja. Times required for the. 
first Tesponse to pumpins of VIPP-13 ranse from 74 to 600 hours, includins 
the exhaust shaft. The hip-transmissivity zone containins VIPP-13 is 
consistently represented as a hiJh-permeability boundary in interpretation 
of the response of these observation holes (Beauheta, 1987c). The apparent 
behavior between VIPP-13 and the VIPP exhaust shaft is consistent with that 
between VIPP-l3·and nearby observation holes. Beauheta (1987c) notes that 
the responses in both ERDA-9 and the exhaust abaft appear to be complicated 
by activities within the abaft. 

~ 

The relatively homoaeneous zone containinJ VIPP-13, DOE-2, and B-6 appears 
to be bounded on the vest by a zone of hisher transmissivity extendinJ into 
the main portion of Rash Draw (Beauheim, l987c). Apparent transmissivities 
between VIPP-13 and holes P-14 and VIPP-25 are 2.8 x l0-4 and 7.0 x 
lo-4 m2ja, respectively. Hole VIPP-25, at a distance of 6264 11 from 
VIPP-13, vas the most distant aonitorins ·hole used in the teat (Fisure 
4.1.17). 
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The presence of both higher-transmissivity and lower-transmissivity domains 
outside the YIPP-13 - DOE-2 - H-6 region is consistent with the fact the 
analytical interpretation of the hydrologic behavior at YIPP-13 required 
the addition of both low-permeability and high-permeability boundaries 
(Beauheim, 1987c). In addition, a linear-flow interpretation of the flow 
near YIPP-13 analogous to that completed for the H-3 multipad test by 
Tomasko and Jensen (1987) was not successful. 

The numerical simulation of Culebra hydrology over a large area, including 
the region stressed in the WIPP-13 test, is discussed and summarized in 
LaVenue et al. (1988) . The emphasis in LaVenue et al. (1988) is on 
simulation of the Culebra hydrology as it · existed before construction of 
the ~IPP shafts, i.e., prior to 1981. Detailed numerical interpretation of 
the transient hydrologic stresses imposed by the WIPP-13 multipad test, 
sinking of the WIPP air-intake shaft, and a combined multipad interference 
test and conservative-tracer test at the H-11 pad will be conducted in 
1988. 

As noted in Section 4 .l.l, there has been a significant increase in the 
Culebra transmissivity, head, and fluid-density data base since April 1986. 
In addition, as evident in Figure 4 .1.19, the area included in modeling 
described in LaVenue et al. (1988), 24 x 25 km, is significantly larger 
than that included in Haug et al. (1987) (see Figure 4.1.6). As a result, 
the total data base considered in LaVenue et al. (1988) is much larger than 
that conSidered only 1.5 years earlier. Culebra transmissivity data from 
38 individual wells or hydropads are considered in the 1988 report, as 
opposed to 24 locations in the 1987 report (Table 4.1). Compilation of the 
data base used by LaVenue et al. (1988) was significantly more complex for 
the data base used by Haug et al. (1987), both because of the increased 
number of holes and because of the increased awareness and concern about 
transient phenomena in Rustler hydrology. For example, development of the 
baseline water-level data required consideration of long-term transients, 
even in holes not directly affected by -hydraulic testing at and near the 
YIPP site. In addition, some well locations were resurveyed (LaVenue et 
al., 1988); most Culebra fluid densities were revised as a result of recent 
sampling (Uhland et al., 1987), and were evaluated by detailed pressure
density surveys (Crawley, 1987). 

The initial lcriged Culebra transmissivities of LaVenue et al. (1988) are 
shown in Figure 4.1.19, based on data available as of November 1987. The 
general pattern is different from that indicated in Haug et al. (1987) 
(Figure 4 .1. 9) . The increase in the available data base results in the 
initial lcriged distribution in Figure 4.1.19 varying smoothly across much 
of the site area. The lcriged transmissivities tend to be higher towards 
the, west and lower towards the east, with an isolated zone of higher 
t:ransmissivities at: H-11 and DOE-1. In Figure 4.1.9, with the exception of 
the hole pairs H-1 • H-2 and H-11 - DOE-1, each data point tends to define 
a separate transmissivity zone. 

The effects of the increased number of measurements on the Culebra trans
missivity data base are demonstrated more clearly by comparison of Figure 
4.1.10 with Figures 4 .1.20 and 4.1.21. Kriging of the transmissivity data 
base available as of April 1986 (Figure 4.1.10) indicated that regions of 
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Figure 4.1.19: Initial kriged Culebra transmissivities, based on data 
available as of November. 1987. Values kriged with code 
AlClUP. Figure 3.12A of LaVenue et al. (1988). 
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Figure 4 . 1.20: Estimation error in initial kriged Culebra transmissivities 
(one standard deviation), based on data available as of 
November 1987, assuming no uncertainty in individual 
measurements. Values kriged using code AKR.IP. Figure 
3.12B of LaVenue et al . (1988) . 
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Figure 4.1.21: Estimation error in initial kriged Culebra transmissivities 
(one standard deviation), including estimated uncertainty 
in individual measurements. Values kriged using code K603. 
Figure 3.118 of LaVenue et al. (1988). 
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one order of magnitude uncertainty (defined ae one seandard deviaeion) did 
noe overlap, excepe in very limieed areas. hcause of ehe limieed daea 
base available ae ehae time, ie was noe possible for Haug ee al. (1987) eo 
consider eieher an underlying regional erend in the daea or uncereainty in 
ehe measured daea. 

LaVenue ee al. (1988) apply ewo kriging eechniques eo ehe Culebra 
eransmissivity daea in order eo consider boeh the regional west-to-east 
decrease in transmissivities (Figure 4.1.19) and uncertaineies in the 
measured data. Kriging of the enlarged data base using ehe AKR.IP code, 
which fits a polynomial surface to the regional trend, but does noe con
sider uncertainty in the measured ·data (l.&Venue et al., 1988), indicates 
that the uncertainty in Culebra transmissivities over a large area, includ
ing most of Zone 3, should be less than 0.5 log unit at one standard 
deviation and less than one order of magnitude (1.0 log unit) at two stan
dard deviadons (Figure 4.1.20). llithin the smaller area including both 
the center of the ll!PP site and the locations the ll!PP shafts, the uncer
eainty at two standard deviations is 0.5 log units or less; i.e., Culebra 
transmissivities should . be estimated to within a factor of approximately 
ehree in this region, if it is assumed that field measurements are precise. 

Results analogous to those in Figure 4.1.20, calculated by LaVenue et al. 
(1988) using the K603 code, which applies a linear erend surface to 
regional data, but allows consideration of uncertainty in measured data, 
are shown in Figure 4.1.21. LaVenue et al. (1988) estimate the uncertainty 
in measurements of Culebra transmissivities to be 0.25 log unit when 
transmissivity is estimated from pumping · tests and 0.5 log units when 
estimated from other tests. Inclusion of these estimated uncertainties in 
individual measurements, combined with a simplified regional trend surface, 
suggests (Figure 4.1.21) an .estimation error (one standard deviation) of 
0.5 log unit or less within most of Zone 3. These results indicaee that 
the uncertainty in Culebra transmissivities at two standard deviations 
within much of Zone 3, i.e., in a region extending from DOE-2 in ehe north 
to beyond H-11 in the south, is less than an order of magnitude, even 
including the estimated uncertainties in field measurements. 

Such statistical approaches must not be overinterpreted, because they 
include no direct consideration of geologic processes. However, comparison 
of Figures 4 .1. 20 and 4 .1. 21 with Figure 4 .1.10 provides a direct 
impression of the qualitative increase in both the size and reliability of 
the Culebra data base since April 1986. 

The present distribution of measured Culebra fluid denSities (LaVenue et 
al., 1988) is · shown in Figure 4.1.22. Although the overall pateern is 
similar to that estimated on the basis of data available in April 1986 
(Figure 4.1.13), with a general west-to-east increase in density, there are 
two significant differences. The density distribution in the vest half of 
Zone 3 in Figure 4.1.13 is strongly non-linear, due to relatively high 
densities at H-6 and/or DOE-2. The variation in fluid densities in the 
region H-1 - DOE-2 - H-6 - P-14, based on data available as of November 
1987 (Figure 4.1.22), is less irregular, and the regional trend is more 
consistent with the general west-to-east increase in density. Fluid 
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Figure 4.1.22: Measured density distribution of Culebra fluids, based on 
information available as of November 1987. Figure 3 .15 of 
LaVenue et al. (1988). 
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densities in the region B-14 - B-2 - P-14 still appear to be anomalously 
low. The brine density distribution in the eastern part of Zone 3 {Figure 
4.1.22) 1a also somewhat different than in Figure 4.1.13. In Figure 
4.1.13, a general north-south trend of constant-density linea extends 
largely across the VIPP site vest of holes DOE-1 and B-11. The 
distribution is more complex east of these holes. In Figure 4.1.22, the 
estimated brine density of approximately 1.14 gjcm3 at hole B-15 causes 
significant curvature in the density distribution in the eastern portion of 
Zone 3. Nonetheless, the overall pattern of the distribution of Culebra 
brine densities baaed on data available as of November· 1987 is simpler than 
previously estimated. 

The present understanding of the distribution of pre~shaft freshwater
equivalent heads vi thin the Culebra dolomite is shcnm in Figure 4 .1. 23. 
The general pattern is s1milar to that estimated by Baug et al. {1987), 
vith a north-south head gradient of approximately l0-3 m/m across the area 
of the VIPP site. Gradients within the Culebra both south and north of the 
site are lover, approximately l0-4 m/m. 

There is, however, one significant difference between the head distri
butions shown in Figures 4 .1. 23 and 4 .1.11. Bead contours form a sharp 
embayment in the southeastern portion of Zone 3 in Figure 4.1.11, exten
ding at least as far north as the east-center of the site. Interpretation 
of vater-level and fluid-density data available to November 1987 indicates 
{Figure 4.1.23) that there is little evidence of an embayment in Culebra 
freshwater-equivalent heads vi thin VIPP Zone 3, except for the 913-11 
contour in the extreme southern part of the &one. Vithin the modeled area, · 
head contours up to 919 11 elevation do define a broad embayment south and 
east of the VIPP site. Expansion and improvement of the data base for 
calculation of ·Culebra freshwater-equivalent heads during 1986 and 1987 baa 
resulted in significant smoothing of the estimated head distribution, 
especially vi thin Zone 3. 

In calibration efforts by Baug et a1. {1987), it was assumed that Culebra 
fluid pressures and fluid densities vere at steady state before construc
tion of the VIPP shafts. As discussed in Section 4 .1. 3 .1, assumption of 
steady state is adequate for simulation of pre-shaft Culebra heads or fluid 
pressures. The results in Baug et al. {1987), however, indicated problems 
vith the assumption of steady-state confined flov in simulation of Culebra 
brine densities. The calibration approach taken by L&Venue et al. {1988) 
differed from that taken earlier. L&Venue et a1. (1988) assumed that the 
fluid-density distribution remains fixed on the time scale required for 
pressure equilibration, and no calibration against the brine-density dis
tribution vas attempted. The calculations do take account of the variable 
fluid density at each point within the Culebra: they assume that effects of 
variable brine density on the 11odern flov directions can be estimated reli
ably fixing the modern fluid-density distribution in place. The results of 
calibration of Culebra transmissivities against the freshwater-equivalent 
head distribution shown in Figure 4 .1. 23, assuming that the fluid-density 
distribution shown in Figure 4 .1. 22 remains fixed (La Venue et al. , 1988), 
are shown in Figure 4 .1. 24 . 
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Figure 4.1.23: Estimate of pre-shaft, freshwater-equivalent heads in the 
Culebra dolomite, based on data available as of November 
1987. Figure 3 . 14 of LaVenue et al. (1988). 
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The overall distribution of calibrated transmissivities (Figure 4.1.24) is 
not greatly different from the initial kriged distribution (Figure 4.1.19) . 
The general trend of decreasing transmissivities from west to east is 
preserved. During calibration, transmissivities west of YIPP-30 and YIPP-
28 were increased. Transmissivities in the area containing H-6, P-14, and 
YIPP-25 were generally decreased slightly, while those in the southern part 
of Nash Draw were increased. The low-transmissivity domain in YIPP Zone 3 
(T < 10-6 m2/s) is expanded in the more recent interpretation (Figure 
4.1.24). This region, including the center of the YIPP site, is now 
expected to be continuous from H-5 in the northeast to P-15, H-4, and Cabin 
Baby-1 to the southwest. 

Calibration in the region between holes H-17, H-11, P-17, and extending to 
the south, required significant adjustment to the lcriged distribution. 
Transmissivities in this region were increased from kriged values, similar 
to changes required during calibration by Haug et al. (1987). In order to 
simulate the low heads at H-11 and DOE-1 and the sharp head embayment in 
the southern part of Zone 3 expected on the basis of April 1986 data 
(Figure 4.1.11), Haug et al. (1987) included a narrow high-transmissivity 
zone east of P•l7 (Figure 4.1.16). During calibration by Haug et al., a 
maximum transmissivity of approximately 3 x l0-4 m2/s was assigned in this 
zone. The calibrated transmissivity distribution of LaVenue et al. (1988) 
in this region does not include as marked a high-transmissivity structure 
(Figure 4.1.24). Relatively high transmissivities are still required in 
the area, because of both the relatively low heads at H-11 and DOE-1 and 
the low gradients south of the VIPP site. However, the maximum 
transmissivity assigned at the pilot points shown in Figure 4.1.24 is 
approximately 5 x l0-5 m2js, only a factor of two greater than the 
effective transmissivity of 2.8 x 1o·S m2/s calculated at the H-ll pad 
(Table 4.1). 

LaVenue et al. (1988) investigate the need for the high-transmissivity zone 
by making calibration runs in which the increase in transmissivities south 
of H-11 was not incorporated, as well as runs in which the assigned heads 
along the southwestern part of the model were increased slightly. In all 
cases, the fit between calculated and estimated heads was worse than when 
increased transmissivities south of H-11 were included. Thus, a region of 
relatively high transmissivities is still expected to be present south of 
H-ll. Transmissivities within this zone may be approximately twice as 
great as those measured at H-11. Both the lateral extent of the zone and 
the contrast between the high-transmissivity zone and surrounding regions 
are expected to be smaller than estimated in Haug et al. (1987). The zone 
is still expected to connect with the high-transmissivity region further to 
the south. 

-I 

The changes in estimated transmissivities within and near the YIPP site are 
a direct result of the increase in the Culebra data base since April 1986 
(Table 4.1). For example, hole H-14 was drilled and tested in 1986, 
specifically to examine transmissivities southwest of the site center 
(Section 4.1.1). Holes P-15, H-4, H-15, H-16, P-17, Cabin Baby-1, ERDA-9, 
and VIPP-12 have all been tested or retested since April 1986 (Table 4.2). 
Hole H-17 was drilled and tested specifically to evaluate the high
transmissivity zone east of P-17. Transmissivities at both DOE-1 and H-11 
have been interpreted in detail since 1986, as discussed in Section 4.1.1. 
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Figure 4.1.24: Calculated Culebra transmissivities at and near the lliPP 
site, based on steady-state calibration against freshwater
equivalent head distribution shown in Figure 4.1.23, fixing 
in place the fluid-density distribution shown in Figure 
4.1.22. Figure 4.3 of LaVenue et al. (1988). 
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The distribution of Culebra pre-shaft head potentials calculated using the 
calibrated transmissivity distribution shown in Figure 4.1.24, is shown in 
Figure 4.1.25. Differences between calculated heads ~nd those estimated on 
the basis of field data (Figure 4.1.23) are shown in Figure 4.1.26. The 
agreement is excellent, generally to within 1 m. This is less than the 
estimated uncertainty in freshwater-equivalent heads at individual wells, 
approximately 2 meters (LaVenue et al., 1988). 

The modern flow directions and Darcy velocities within the Culebra dolomite 
at and near the WlPP site calculated by LaVenue et al. (1988) are shown in 
Figure 4.1.27. Darcy velocities do not include consideration of effective 
porosity; therefore, they .do not represent actual groundwater particle 
velocities. Flow within the Culebra at and near the WlPP site is largely 
north-south, except in relatively low-transmissivity areas directly 
affected by either the high-transmissivity zone south of H·ll or by Nash 
Draw. Calculated Darcy velocities vary by six orders of magnitude, from 
10·12 m/s (m3;m2s) east of the WIPP site to as high as 10·6 m/s along the 
axis of Nash Draw. In the region between tJIPP-12 and the tJIPP shafts, 
calculated Darcy velocities range from 2.5 to 7.5 x 10·lO m/s, and flow is 
north-south. LaVenue et al. (1988) note that calculated flow directions in 
the vicinity of DOE-2 appear unreliable due to local irregularities in the 
struc~e of the Culebra. As a result of the high-transmissivity zone 
south of H-11, flow in the vicinity of H-14 is towards the southeast, with 
a Darcy velocity of less than l0-9 m/s. Flow within the zone south of H·ll 
is to the south, with a Darcy velocity of approximately 2.5 x 10·9 m/s. 
The Darcy velocities shown in Figure 4.1.27 assume completely confined flow 
within the Culebra, and also assume steady-state heads and fixed brine• 
density distribution (LaVenue et al., 1988). They provide a realistic 
indication of modern flow directions. 

Particle flowpaths and flowtilles calculated within the modelled area, 
assuming that the effective porosity of the Culebra is uniform at 16\ are 
shown in Figure 4.1.28. As noted in . Section 4.2, measured porosities 
within the Culebra range from 0.07 to 0.30. The effective in situ porosity 
is not known, but must be variable. It is not clear that assumption of 
confined flow within Nash Draw is valid. In addition, as discussed in 
Sections 4.3 and 4.4, Culebra hydrology is not at steady state, and there 
has probably been at least some change in flow directions within the 
Culebra within the last 10,000 years; the magnitude of the change remains 
uncertain. The travel times shown in Figure 4.1.28 must be taken only as 
an indication of the effects of relative variability in estimated particle 
flow rates. 

Calculated particle velocities within Nash Draw are quite high, and 
ca~culated flow times across the entire modeled area are quite short in 
this region. Calculated travel times along paths A, B, and C (Figure 
4.1.28) increase from west to east, from a low of 450 years to a high of 
2800 years. Changes in Rustler water levels within Nash Draw since the 
beginning of potash mining approximately 50 years ago, described by Hunter 
(1985), indicate that the steady-state assumption is not realistic in this 
region, even on this relatively short time scale. At the other extreme, 
flow of a groundwater particle from H-5 to the southern boundary of the 
modeled area of LaVenue et al. {1988) is calculated to take more than one 
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Figure 4.1.25: Calculated pre-shaft, freshwater-equivalent head distribu
tion in the Culebra dolomite, based on calibrated transmis
sivity distribution shown in Figure 4.1.24. Figure 4.5A of 
LaVenue et al. (1988). 
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Figure 4.1.26: Difference between calculated Culebra head distribution 
(Figure 4.1.25) and measured pre-shaft head distribution 
(Figure 4.1.23). Figure 4.6 of LaVenue et a1. (1988) . 
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Figure 4.1.27: Calculated Darcy-velocity vectors in the Culebra dolomite, 
assuming the transmissivity distribution shown in Figure 
4 .1. 24 and head distribution shown in Figure 4 .1. 25. 
Figure 4.5! of LaVenue et al. (1988). 
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Figure 4 .1. 28: Calculated particle flowpaths and flow times within the 
Culebra dolomite, assuming steady-state and the transmis
sivity and head distributions shown in Figures 4.1.24 and 
4.1.25. Figure 4.17 of LaVenue at a1. (1988) . 

129 



million years. Given that Culebra hydrology is in transient response to 
the end of the last pluvial period, it is not realistic to expect steady-
state flow within the unit on a time ·seale of 106 years (LaVenue et al., • 
1988). The result indicates, however, that groundwater flow within the 
Culebra on the eastern part of the WIPP site is extremely slow. 

Figure 4 .1. 28 also demonstrates an important consequence of the recent 
changes in the understanding of the distribution of Culebra transmis
sivities. Path G represents assumed steady-state flow from a position 
above the center of the WIPP waste-emplacement panels, analogous to the 
flowpath used in the detailed generic transport calculations contained in 
Reeves et al. (1987) (Section 4.2). Reeves et al: (1987) used the Culebra 
transmissivity distribution calculated by Haug et al. (1987), which 
included higher transmissivities south of H-11 than estimated by LaVenue 
et al. (1988) (Figure 4.1.24). The groundwater travel time calculated by 
LaVenue et al. (1988) for flow from directly above the center of the waste
emplacement panels to the southern boundary of the model shown in Figure 
4.1.24 is 36,000 years. The calculated flow time from the release point of 
path G to the southern boundary of the WIPP site (Zone 3) is approximately 
13,000 years, roughly 2.5 times that estimated by Reeves et al. (1987) 
along an analogous flowpath, but assuming the transmissivity distribution 
shown in Figure 4 .1.16. The changes in interpreted Culebra transmis
sivities and head potentials since April 1986 have significantly increased 
expected groundwater flow times across the WIPP site within the Culebra 
dolomite. However, given the uncertainties in effective porosities, 
flowpaths, and transmissivities within the Culebra dolomite, the recent 
results must be considered approximate. 

4.2 Pad-Scale and Re,ional-Scale Studies of Contaminant Transport within 
;he Culebra Dolomite 

For purposes of WIPP performance assessment, contaminant (radionuelide) 
transport within the Culebra dolomite is of concern in two general types of 
breach scenario. Section 4.2 discusses contaminant-transport results at 
both the hydropad and regional scale, under •low-pressure, • relatively 
undisturbed conditions. Low-pressure conditions correspond to a release of 
fluids from the VIPP facility that does not disturb the pre-existing head 
distribution in the Culebra. •High-pressure• conditions, for which studies 
have not yet been completed, represent a breach involving effective 
connection of the Culebra dolomite with a pressurized brine in the Castile 
Formation beneath the VIPP facility (see Section 3.2) for a long enough 
period of time to significantly change the head gradients within the 
Culebra. 

~ 

Detailed field testing of transport properties in the Culebra dolomite has 
been carried out only at the hydropad scale and is discussed in Section 
4.2.1. Recent interpretation of conservative-tracer testing at the H-3 
bydropad indicates that fracturing plays a major role in pad-scale 
contaminant transport in the transmissive (fractured) portions of the 
Culebra. In low-transmissivity areas, such as at the H-4 pad, pad-scale 
transport within the Culebra is best modelled using the equivalent-porous
medium assumption. 
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For purposes of performance assessment, however, the critical scale for 
transport within the Culebra dolomite is not the hydropad, but rather the 
distance between the point of breach into the Culebra and the boundary to 
the accessible environment. For purposes of consistency within this 
report, the boundary of WIPP Zone 3 is assumed to represent the boundary to 
the accessible environment. Contaminant transport over the 3.2 km from the 
center of the YIPP site to the boundary of Zone 3 is not amenable to field 
testing on a reasonable time scale. It is thus necessary to estimate the 
•regional-scale" transport behavior within the Culebra by numerical 
modeling. Section 4.2.2 discusses the regional-scale transport behavior of 
the Culebra dolomite at and near the WIPP site. The results in Section 
4. 2. 2 indicate that, at least as long as the Culebra heads are not 
significantly disturbed and the assumed flow paths and material properties 
within the Culebra are reasonably representative, numerical simulation of 
regional-scale transport within the Culebra at and near the YIPP site need 
not include effects due to fracturing. 

4.2.1 Hydropad-Scale transport of Conservative tracers at the H-3 and H-4 
Hydropads 

Convergent-flow tracer tests operated at the H-3 hydropad in May and June 
1984 and at the H-4 hydropad between October 1982 and October 1984 are 
interpreted by Kelley and Pickens (1986). the interpretations are 
summarized here, with the objectives of examining the relative importance 
of dual-porosity or fracture-flow effects on the hydropad scale at two 
separate locations and discussing the ranges of transport parameters at the 
two· locations. 

the first · stage of a convergent- flow tracer test is to establish 
approximate steady-state gr"dients between the observation holes and the 
pumped well. tracers are then injected into the observation wells and 
their transport to the pumped well monitored. The fluorinated organic 
tracers meta-trifluoromethylbenzoate (m·TFKB) and pentafluorobenzoate (PFB) 
were used in testing at the H-3 pad. These same tracers were used at the 
H-4 pad, in addition to para-fluorobenzoate (p·FB) and thiocyanate (SCN). 
It is generally assumed that the tracers are chemically stable throughout a 
test, and that they do not interact with the surrounding rock mass except 
by diffusion (Kelley and Pickens, 1986). 

The interpretation of the H-3 and H-4 tracer tests was done using the code 
SWIFT II (Reeves et al., 1986a; 1986b). SWIFT II handles the hydraulic and 
trans;port behavior of fractured media by means of a "dual-porosity" 
formalism, in which the composite medium is assumed to consist of an array 
of ~orous matrix blocks (primary porosity) and regularly spaced fractures 
(secondary porosity). The fractures and matrix are allowed to interact. 
The matrix-block geometry is idealized as either uniform slabs (parallel 
non-intersecting fractures) or cubes (three orthogonal fracture sets). In 
interpretation, radial flow towards the pumped hole was assumed. 

Interpretation assuming the presence of three orthogonal sets of fractures 
and the assumption of radial flow are both equivalent to the assumption of 
isotropy. As mentioned in Section 4 .1. 2, however, interpretation of 
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hydraulic interference testing at the H-4, H-5, . H-6, and H-11 hydropads 
indicates some directional dependence of Culebra hydraulic properties. In • 
contrast, interpretation of the hydraulic behavior on the H-3 pad 
(Beauheim, l987a) indicates effectively isotropic behavior. The results 
contained in Kelley and Pickens (1986) must be considered approximate. 

4.2.1.1 Conseryative-Tracer Tests at the H-3 Hydrqpad--The observed tracer 
behavior during convergent-flow testing at H-3 is shown in Figure 4.2.1, 
and is sUDIDUlrized in Table 4.8. Hole H-3b3 was the pumped hole in this 
test. Meta-trifluoromethylbenzoate (•·TDB) injected in hole H-3bl was 
first detected in hole H-3b3 (•breakthrough•) approxiaately 0.92 days (22 
hrs) after injection, and reached a well-defined peak concentration 
approximately 2.6 days (62.4 bra) after injection. After this tt.e, tracer 
concentration decreased rapidly towards a relatively steady-state value. 
In contrast, the pentafluorobenzoate (PFB) injected into hole H-3b2 
travelled to the sampling hole •uch more slowly, was first detected 
approximately 3.76 days (90.2 hrs) after injection, reaching a very broadly 
defined peak concentration (if any) after approximately 23 days (552 hrs). 

Thus, there is a marked difference between the apparent directional 
dependence of hydraulic behavior and transport behavior at the H-3 pad. 
Hydraulic anisotropy at the H-3 pad is negligible. However, m·TFKB 
breakthrough along the H-3bl - H-3b3 path vas four times .ore rapid than 
PFB breakthrough along the H-3b2 • H-3b3 path. The preliminary 
interpretation of a convergent-flow conservative-tracer test at the H-6 pad 
(Gonzalez, 1983b) also indicates a discrepancy between the directional • 
dependence of hydraulic and transport behavior within the Culebra. In 
·testing at H-6, PFB injected into H-6b arrived at H-6c 16 times more 
rapidly than did •·TFKB ir.jected into H·6a (Gonzalez, 1983b). These 
results suggest that the apparent difference between the behaviors of 
m-TFMB and PFB at the H-3 pad reflects differences in . transport behavior 
along the two flow paths, rather than inherent differences in the behavior 
of the two tracers.· 

Parameters resulting from calibration to the observed behavior of the H-3 
test are shown in Table 4.9. In calibration, varying input parameters are 
used to simulate the observed tracer behavior until satisfactory agreement 
is reached. Because these same parameters were used in regional-scale 
transport calculations (Section 4.2.2), it is important to understand the 
character of the parameters listed in Table 4.9. 

Three parameters, solute free-water diffusion coefficient, matrix 
tortuosity., and longitudinal dispersivity, were taken by Kelley and Pickens 
(1986) from ranges of published values, not based on VIPP-specific 
information. Specifically, values of 0.15 and 0.45 ·for matrix tortuosity 
were used as variable input to calculations. The matrix porosity value 
shown in Table 4. 9 (0. 20) is the approximate average of a series of six 
helium-pycnometer measurements made on Culebra core from holes H-3b2 and 
H-3b3. 
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Table 4.8: Summary of observed tracer behavior during the convergent-flow 
test at the H-3 hydropad. Slightly modified from ~able 4.2 of • 
Kelley and Pickens (1986). 

II:as;e[ 
Parameter m-TFMB PFB 

l. Flow path H-3bl to H-3b3 H3b2 to H-3b3 

2. First detection (clays) 0.92 3.76 

3. First reported concentration 56 20 
(mg/J) 

4. Time of peak concentration 2.59 23.04 
(clays) 

5. Peak concentration (mg/1) 3379 444 

6. Relative Peak Concentration 3.3 x 1o-6 4.3 X 10•7 
(m/mo) 

7. Total tracer mass recovered 0.53 0.15 
(m/mo> 

8. Apparent fracture porosity 0.0019 0.019 

Fracture porosity and matrix block length are specific outputs of the 
calculations, for the specific input values of . other variables. Thus, in 
extrapolation of H-3 transport properties to other locations, only matrix 
block lengths and fracture porosities are based on the results of the H-3 
tracer test; other values were input to interpretation of the H-3 testing 
based on either literature review or laboratory measurements. 

The calculated fracture porosity of 0.19\ along the H-3bl - H-3b3 flow path 
(Table 4. 9) was estimated directly from the relationship among pumping 
rate, H-3bl - H-3b3 path length assuming direct radial flow, Culebra thick
ness. and tille required for m-nMI to reach peak concentration (22 hrs). 
Similar analrsis along the H-3b2 - H-3b3 path yields an estimated fracture 
porosity of l.9\. A fracture porosity of .19\ was used in sensitivity 
studies, and was assumed to be applicable along both flowpaths on the H-3 
pad (Kelley and Pickens, 1986). 

Figures 4.2.2 and 4.2.3 show the best-fit simulations of transport behavior 
along the H-3bl - H-3b3 flow path as a function of the specified input 
parameters. There is excellent agreement between measured and simulated 
results, with two different effective block sizes (1.2 and 2.1 m) being 
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Table 4.9: Input and best-fit calibration parameters from interpretation 
of the conservative-tracer test at the H-3 hydropad. Slightly 
modified from Table 4.3 of Kelley and Pickens (1986). 

Flow path 

Input Parameters 

1. Diffusion coefficient for 
solute-free water (m2/s) 

2. Matrix tortuosity 

3. Longitudinal disporsivity (m) 

4. Matrix porosity 

5. Fracture porosity 

Output Parameters 

1. Fracture porosity 

2. Matrix-block length (m) 

m-TFMB 

H-3bl to ·H-3b3 

7.4 x 1o-1o 

0.15, 0.45 

3.0 

o:2o 

1.9 x lo-3 

1.2, 2.1 

Tracer 
PFB 

H-3b2 to H-3b3 

7.4 x 1o-10 

0.15, 0.45 

1.5 

0.20 

1.9 x lo-3 

(1. 9 X 10•2) 

0.25, 0.44 

calculated as a function of two different input matrix tortuosities (0.15 
and 0.45, .respectively). Figure 4.2.4 shows the analogous best-fit 
simulation for the H-3b2 - H-3b3 flowpath, assuming a matrix tortuosity of 
0.15. The calculated effective block size along the H-3b2 - H-3b3 
flowpath, 0.25 to 0.44 m, is smaller than along the path H-3bl - H-3b3. As 
mentioned earlier, the calculated block sizes are only qualitative 
although, as noted by Kelley and Pickens (1986) they are consistent with 
observation of both Culebra core and exposures within the lJIPP shafts. 
Thus, conservative-tracer testing at the H-3 pad indicates both the strong 
role of fracturing in transport at this scale (at least in some directions) 
and the strong · directional dependence of estimated transport parameters 
such as effective block size. 

The role of both aatrix and fractures in pad-scale contaminant transport of 
conservative -(non-sorbing) trace contamirumts in the Culebra dolomite at 
the H-3 pad is emphasized in Figures 4.2.5 and 4.2.6. If dual-porosity and 
single-porosity simulations are both adjusted to match the time of peak 
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fractures as a function of time after injection. The fact 
that the total mass is less than l kg after approximately 
2. 5 clays into the test reflects removal of tracer at the 
sampling hole, H-3b3. Figure 4.13 of Kelley and Pickens 
(1986). 
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concentration for m-TFKB transport along the path H-3bl - H·3b3 (Figure 
4.2.5) ," the pose-peak behavior of the ewo simulations is qualieaeively 
different. In the single-porosity simulation, the effective rock-mass 
porosity required eo match the time of peak concentration is 0. 0019, 
equivalent eo the estimated fracture porosity in the dual-porosity 
simulation. The single-porosity simulation is thus equivalent to assuming 
no interaction between fractures and matrix, i.e., it is a "discrete
fracture• simulation, in which interaction between fractures and matrix is 
negligible. The peak concentration in the single-porosity simulation, 
which is overestimated by a factor of approximately eight, drops off very 
quickly, approaching zero, eight days after tracer injection. In contrast, 
the best-fit dual-porosity simulation matches both the time and magnitude 
of the tracer peak concentration well. In addition, both the observed 
tracer concentrations and those calculated with the best-fit dual-porosity 
parameters are above the detection limit more than 30 days after injection. 

The conclusion by Kelley and Pickens (1986) that both the short-term and 
long-term transport behavior at the H·3 pad are affected by interaction of 
fractures and matrix is also supported by Figure 4 .1.26. This figure 
indicates the total masses of m-TFKB calculated to be present in the matrix 
and fractures as a function of time since tracer injection. Initially, all 
of the injected tracer is contained in the fractures, and the total tracer 
mass in the matrix is zero. After approximately 0.5 days, however, tracer 
storage within the matrix blocks dominates as a result of diffusion from 
the fractures. At early ti.Jaes, storage within the matrix decreases both 
the , concentration and the total mass of tracer in the fractures, consistent 
with the lower peak concentration calculated using the dual-porosity 
formalism (Figure 4. 2. 5). At longer times, the concentration of material 
within the matrix is greater than that within the fractures. Therefore, 
material diffuses froa the matrix into the fractures, effectively keeping 
the concentration within the fractures froa rapidly decreasing to zero as 
it does in the single-porosity simulation ~ 

Interpretation of the H-3 conservative-tracer experiment provided the first 
estimates of Culebra transport parameters (fracture porosity and effective 
matrix block size) in fractured portions of the Culebra dolomite. There 
are unavoidable uncertainties in these estimates, however, due to both the 
need to asswae radial flow in the interpretation and uncertainties in 
parameters such as effective matrix porosity. Regardless of these 
limitations, the conservative-tracer test at the H-3 pad provides direct 
evidence of the role of matrix diffusion in contaminant transport in 
fractured portions of the Culebra dolomite . This evidence is critical in 
supporting assumptions made in calculation of regional-scale transport 
within the Culebra (Section 4.2.2). 

-1 

4.2.1.2 Conservative-Tracer Tests at tbe H-4 Hydropad--Conservative-tracer 
testing at H-3 investigated pad-scale contaminant transport where the 
Ctilebra is known to be effectively fractured (transmissivity approximately 
2 x 10·6 m2/s). At the H-4 pad, however, the transmissivity is lower 
(lo-6 m2;s or less; Tables 4.1 and 4.2), and there is no evidence of dual
porosity behavior in hydraulic testing . 
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The physical layout of the H-4 hydropad is shown in Figure 4.2.7. During 
steady-state, convergent-flow tracer testing at the pad between October 27, • 
1982, and October 15, 1984, H-4c was the pumped bole (at nominal rates of 
1.66 x 10-2 and 3.33 x 10·2 1/s), and tracers were injected into holes H-4a 
and H-4b. Due to the very long test time at the H-4 pad, detailed 
interpretation of tracer behavior is hampered by pumping-rate fluctuations 
and pump breakdowns, as well as by questionable tracer stability (Kelley 
and Pickens, 1986). 

The observed tracer behavior during testing at H-4 is summarized in Table 
4.10. The first tracer detected in H-4c was m-tnm travelling along the 
path H-4b to H-4c. However, the tracer was not detected until 262 days 
after injection. Tracer recovery was very limited during the test, the 
greatest being 37t of the total mass of m-TFKB injected. hcause of the 
limited tracer recovery, the emphasis here is on •-TFKB behavior. 

The calculated effective matrix or fracture porosities controlling first 
arrival of m-Tnm and PFB (Table 4.9), analyzed in the saae aethod as in 
testing at the H-3 pad, are 0.033 and 0.053, respectively. Lab-.easured 
total porosity for samples from the H-2, H-3, H-4, and H-6 pads range from 
0.07 to 0.30, w~th an average value of 0.16 (Reeves et al., 1987). The two 
Culebra samples from bole H-4b have reported total porosities of 0.20 and 
0. 30. Therefore, the apparent porosities calculated from peak
concentration behavior in the H-4 tracer test .. y indicate that the 
hydraulically effective porosity of the Culebra at H-4 is significantly 
less than total porosity, that the tracers used did not remain stable and 
non-reactive for the two-year duration of the test, and/or that the Culebra 
core samples from H-4 are not representative. 

Kelley and Pickens (1986) applied three different interpretative ·aodels to 
the behavior of m-TFMB at the H-4 pad: 1) a single-porosity model; 2) a 
dual-porosity model; and 3) a layered porous-medium model. The first two 
models are analogous to those used in interpretation of conservative-tracer 
testing at the H-3 pad. The third model is different in that it assumes 
that the Culebra consists of a specified number of parallel high
permeability and low-permeability porous layers.· In this approach, unlike 
the dual-porosity approach, the total surface area available for diffusive 
transport between high-permeability and low-peraeability zones is fixed by 
the specified number of high-permeability zones. 

The simulation of m-TFMB behavior shown in Figure 4.2.8 assumes specified 
numbers of high-permeability zones and stability of 1 kg of tracer for the 
duration of the test. The time of peak concentration (388 days) is matched 
with an effective porosity of 0.04. However, the peak concentration is 

.I 

overestimated by a factor of approximately two if the Culebra is assumed to 
be uniform (one high-permeability zone). Kelley and Pickens (1986) note 
that improved agreement between observed and calculated behavior resulted 
if it was assumed that only 0.5 kg of tracer was effectively injected, 
rather than the nominal 1.0 kg. 

A dual-permeability formalism was also used by Kelley and Pickens (1986), 
assuming that both low-permeability and high-permeability zones had an 

142 

• 

• 



• 

• 

• 

m-TFMB, SCN 
TRACER-ADDITION 

WELL 

• SURFACE LOCATIONS 

0 DEVIATED LOCATIONS AT DEPTH 
OF CULEBRA MIDPOINT 

BEARINGS RELATED TO TRUE NORTH 

PUMPING WELL 
H-4c 

• -0 z 
I 

E 

H-4a 

PFB. p-FB 
TRACER-ADDITION 

WELL 

Figure 4. 2. 7: Physical layout of the H-4 hyclropad. The figure includes 
orientations and spacings between holes. both at the surface 
and at the depth of the Culebra dolomite. Figure 6 .1 of. 
Kelley and Pickens (1986) . 
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Table 4 .10: Summary of observed tracer behavior during the convergent:-
flow, conservative-tracer t:est at: the H-4 hydropad. Slightly • 
modified from Table 6.2 of Kelley and Reeves (1986). 

Parameter 

1. Flow pat:h 

2. First: detection (days) 

3. First: reported concentration 
(mg!J) 

4. Time of peak concentration 
(days) 

S. Peak concentration (mg/J) 

6. Relative peak concentration 
<•lao> 

7. Tracer Mass recovered (m/mo) 

8. Apparent: fracture porosity 
from peak concentration 

m-Inm 

H-4b to H-4c · 

262.2 

78 

388.2 

723 

7.1 X 10•7 

0.37 

0.033 

(1) Apparent: porositie~ for SCN • 0.024; p-FI - 0.064. 

Tracer 
PFB 

H-4a t:o H-4c 

501.1 

48 

507 

54 

5~3 X 10·8 

0.022 

0.053(1) 

effective porosity of 0.20. The number of high-peraeability zones was 
allowed to vary. It was assUIIId that 1.0 kg of m-TPMI re~~&ined stable 
throughout the test. The presence of increuing tlUJibers of interfaces 
between high-permeability zones and •aatrix• zones, in which only diffusive 
transport is allowed, effectively decreues the siaulated peak concen
tration (Figura 4.2.8). The best fit was obtained for five or six high
permeability zones, although none of the fits vera satisfactory (Kelley and 
Pickens, 1986), in part because they overestill&te tracer concentrations at 
longer times. In order to improve the long-tera fit, it would have to be 
assumed that there was some tracer degradation at longer times. 

. ~ 

In summary, interpretation of the conservative-tracer test at the H-4 pad, 
while not successful in developing detailed estimates of transport: 
parameters in unfractured portions of the Culebra, does indicate important 
considerations in both tracer testing at the pad scale and interpretation 
of regional-scale modeling of transport behavior. Both tracer and 
hydraulic behavior during the test are consistent with porous-mediWil 
behavior, indicating that fracturing need not be considered in evaluation 
of pad-scale or regional-scale transport in areas of relatively low Culebra 
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1 kg of tracer and control of behavior by the specified 
numbers of multiple high-permeability zones. Figure 6.11 of 
Kelley and Pickens (1986) . 
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transmissiviry (T S approximately 10·6 m2js); If it is assumed that the 
Culebra at H-4 is vertically homogeneous and that the tracers used were • 
stable and non-reactive for the duration of the test, then the 
hydraulically effective matrix porosity of the Culebra may be significantly 
less than the total porosity. Given the long duration of the H-4 test, 
however, it is probable that the tracers degraded during the test. 

4.2.2 Regional-Scale Contaminant Transport in the Culebra Dolomite under 
Lpw-Pressure Conditions 

Regional-scale contaminant transport within the Culebra dolomite under the 
low-pressure type of breach scenario, i.e., under conditions which do not 
disturb the head distribution within the Culebra, has been examined by 
Reeves et al. (1987). Significant transport under these conditions might 
be expected in the event of failure of the YIPP sh~t seals in the absence 
of human intrusion, or in the event of an imperfectly plugged human· 
intrusion breach involving a high-pressure brine source within the Castile 
Formation. Calculations are ongoing to investigate behavior following a 
second type of breach, in which fluids are assumed to be injected at high 
pressures into the Culebra for long enough to dominate the local head 
potentials and flow rates. 

The calculations in Reeves et al. (1987) investigate: 1) the significance 
of the interactions between matrix and fractures seen in tracer and 
hydraulic testing at the H-3 pad in regional-scale transport within 
fractured portions of the Culebra dolomite; and 2) the relative importance • 
of several transport and material parameters of the Culebra in regional 
transport within fractured portions of the Culebra. The calculations .in . 
Reeves et al. (1987). were made using the following approach and/or 
assumptions: 

1. Contaminants were assumed to be continuously injected into the 
Culebra dolomite at points directly above the YIPP waste-emplacement 
panels at a constant rate after time zero. The injection was slow 
enough not to disturb the •natural• (pre-VIPP-shaft) gradient or 
transmissivity distribution. 

2. The boundary of YIPP Zone 3 was assumed to represent the boundary 
of the accessible environment. 

3. Effects of rac1ioactive decay and lateral dispersion were assumed 
negligible, and were not included. If lateral dispersion were included 
in the calculations, it would effectively slow down transport. The 
effects .. of lateral dispersivity on total integrated release to the 
accessible environment have not been quantified. 

4. Material properties and flow velocity were assumed homogeneous 
between the point of entry into the Culebra and the accessible 
environment. The analysis was done in terms of an average Darcy 
velocity yielding groundwater travel times equivalent to those 
calculated from the flow model described in Haug et al. (1987). Fluid 
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flow snd contaminane transpore were controlled by ehe transmissiviey 
and head diseribueions eseimaeed by Haug ee al. (1987), and were 
calculaeed along ehe flow paehs shown in Figure 4.2.9 . 

5. As a resule of ehe strong interactions between fractures and maerix 
observed in ehe conservative-tracer test conducted ae ehe H-3 hydropad 
(Section 4.2.1), ehe double-porosity formalism was initially assumed to 
be appropriate for modeling of transpore wiehin fractured poreions of 
ehe Culebra. However, a major objective of ehe repore was to examine 
the consequences of both the "discrete-fracture• and "equivalent
porous-medium• end-member behaviors in regional transport. 

6. The base-case values and ranges of properties shown in Table 4.11 
were assumed to be representative for fractured portions of the Culebra 
dolomite . The Culebra transport properties estimated in conservaeive
tracer testing at ehe H-3 pad were taken as the base-case propereies . 

7. "Breakthrough, • defined by R.eeves et al. (1987) as the time at 
which the calculated contaminant concentration at the boundary to YIPP 
Zone 3 equaled 10' of the injected concentration, was assumed to 
provide a meaningful measure of transport behavior. Conclusions in the 
report are specifically evaluated on the basis of this assumption. 

8. It was assumed that retardation effects within ehe Culebra dolomiee 
can be realistically modeled as a linear process, i.e., that chemical 
reactions are "fast" relative to flow times within fractures, are 
reversible, and reflect local equilibrium within the matrix. Thus, it 
was assumed that chemical retardation within the matrix of the Culebra 
dolomite can be represented realistically by using an appropriate 
"matrix distribution coefficient,• kd· 

9. The possible presence of mineralogical "skins" on matrix blocks was 
ignored, as were advective transport wiehin the matrix and sorption on 
fracture surfaces. These assumptions appear to be generally "conser
vative, • i.e., they should bias the calculations towards greater 
fracture flow, except for the case of mineralogical skins inhibiting 
diffusion into the matrix . 

Figure 4. 2.10 compares the average calculated travel times for a 
conservative contaminant from positions above ehe YIPP facility to the 
southern boundary of YIPP Zone 3, along ehe flow paths shown in Figure 
4.2.9, according to three different assumptions. Using the dual-porosity 
formalism and assuming uniform distribution of the base-case maeerial 
prope~ties estimated at the H-3 pad, the time predicted for "breakthrough• 
of a conservative (non-sorbing) contaminant at the boundary of YIPP Zone 3 
is 3490 years after the beginning of continuous injection. This is approx
imately 90' of the 3730 years predicted by single-porosity calculations in 
which the porosity is set equal to the sum of the base-case maerix and 
fracture porosities, 16.2, . In the absence of chemical retardation of the 
contaminant, the role of the matrix in transport is largely one of storage 
due to diffusion from fractures into/out of matrix blocks (Section 4.2 . 1) . 
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Figure· 4.2.9: Release points into the Culebra dolomite &ncl flow paths to 
the accessible environment considered by lleeves et al. 
(1987). Points A-E are vertical projections of the corners 
and center of the VIPP waste-emplaceaent panels upwards onto 
the Culebra dolomite. The small crosses extending from 
points A-E to the southern boundary of Zone 3 are equal-ttme 
marks along the flow paths. Slightly modified from Figure 
1. 7 of Reeves et al. (1987) .. 
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Table 4.11: Base-case Culebra transport properties and ranges of properties considered in 
regional-•cale tnnsport within Culebra dolo•ite. Slightly •odifled fro• 
Table 2.2 of Reeve• et al. (1987). 

Relative 
Parueter Uniu Syabol Baae-Caae Range in Valuea Range (2) 

1. Free-water c•2/a D' 2 x to-5 4 x to-6 to 9 x to-5 4.30 
dlffuelvity 

2. Matrix tortuosity - 8' 0.15 0.05 to 0.50 3.00 

3. Matrix-block 2L' • 2.4 0.25 to 7.0 2.81 
length 

4. Matrix porosity - ~· 0.16 0.07 to 0.30 1.44 

5. Fracture porosity - ~ 2 x lo-3 2 x lo-4 to 2 x 10-2 9.90 

6. Longitudinal Ill a 100 50 to 300 2.50 
dispersivity 

7. Specific matrix m3/m2s u 3.2 x ·lo-9 2.2 x lo-9 to 4.7 x lo-9 0. 7~ 
flux 

8. Matrix distribu- ml/g kd (1) (1) 
tlon coefficient 

9. Fraction dlstribu- ml/g kd 0 0 
tion coefficient 

(1) Calculations done with fixed values of kd- 0.0, 10, 102, 104 ml/g. 
(2) Range divided by base-case value. 
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Figure 4.2.10: Comparison of base-case, regional-scale transport behavior 
of a conservative contaminant in the Culebra dolomite under 
discrete-fracture, dual-porosity, and porous-medium assump
tions. Breakthrough is defined here as the time at which 
the concentration at the boundary of VIPP Zo.ne 3 equals 10\ 
of the injected concentration. Figure 5.1 of Reeves et al. 
(1987). 
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In effect, the single-porosity curve on the right-~and si~e of. Figure 
4. 2.10 assumes instantaneous diffusion into and equJ.libratlon Wlth the 

matrix. 

At the other extreme, diffusion time into the matrix is infinite in 
fracture flow if it is assumed that fractures and matrix do not interact. 
The breakthrough time calculated (Figure 4. 2 .10) assuming that transport 
occurs only within fractures, assuming a fracture porosity of 0.2%, is 46 
years (Reeves et al., 1987). 

The experimental results at the H-3 hyc:liopad (Section 4. 2 .1.1) and the 
calculated variations in breakthrough time at the boundary of W!PP Zone 3 
shown in Figure 4.2.11 indicate the importance of matrix diffusion in both 
pad- scale and regional- scale transport in the Culebra dolomite. As 
described by Reeves et al. (1987), a diffusion time means that 1000 years 
is required for contaminant concentration in the center of matrix blocks to 
reach approximately 68' of· the concentration at fracture surfaces. The 
base-case diffusion time (Figure 4.2.11) is 152 years. Even for diffusion 
times significantly greater than the base case value, a large benefit is 
gained from diffusion of non-sorbing contaminants into matrix blocks 
(Figure 4. 2 .11) . Base- case transport properties were assumed in the 
calculations summarized in Figure 4.2.11, except for diffusion into matrix 
blocks. 

Thus, the effective transport behavior within the Culebra dolomite for 
transport between any breach point directly above the W!PP emplacement 
panels and the boundary of Zone 3, assuming the breach does not disturb the 
head distribution within the Culebra, appears to be nearly that of an 
equivalent porous medium having a porosity equal to the sum of matrix plus 
fracture porosities. Inclusion of the dual-porosity formalism at this 
scale, given the assumed properties and flow paths, does not change 
calculated travel times by more than approximately 10,. 

The conclusions supported by results shoWn in Figures 4. 2 .10 and 4 . 2 .11 
only apply directly to calculations assuming the base-case transport and 
material properties for the Culebra, which are based largely on 
interpretation of the conservative-tracer test at the H-3 pad (Section 
4.2.1.1). Therefore, Reeves et al. (1987) examined the sensitivity of the 
results to variations in parameters. The relative importance of several 
transport parameters in regional-scale transport in the Culebra estimated 
by Reeves et al. (1987) is summarized in Table 4.12. Reeves et al. (1987) 
define importance in terms of both the sensitivity of calculated behavior 
to uncertainty in a given parameter and the estimated range of uncertainty 
of ;hat parameter in the Culebra dolomite at and near the W!PP site. Thus, 
a highly sensitive parameter that was known with perfect precision would 
have zero importance. In contrast, a· relatively insensitive parameter 
could be very important if its range of uncertainty was large. 

Reeves at al. (1987) conclude that five parameters are most important in 
controlling •breakthrough• time to the southern boundary of W!PP Zone 3 in 
the Culebra dolomite. These are: 1) the matrix retardation (K'), where K' 
is proportional to (1 · + kc\) and kc\ is the matrix distribution 
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Table 4.12: Estimated importance of different parameters in regional-scale 
contaminant transport within the Culebra dolomite. Table 4.5 
of Reeves et al. (1987). · 

Importance Importance 
Parameter Symbol Sensitivity(&) Coefficient<•> Ranking 

Free water diffusivity D' 0.064 0.28 5 

Matrix tortuosity e·· 0.064 0.19 6 

Matrix-block length 2L' -0.13 0.36 4 

Matrix porosity •• l.l 1.58 l 

Fracture porosity • 0.013(b) 0.13 7 

Fracture dispersivity Q -0.17 0.43 3 

Fracture flux u -l.l 0.86 2 

(a) Results are valid for retardations K' - 1, 1.50 X 102, 1.49 X 103, and 
1.49 X lOS. 

(b) Upper-bound estimate • 

coefficient; 2) the effectiv~ matrix porosity; 3) the Darcy flux within the 
fractures (defined as a specific flux m3jm2s); 4) the dispersivity in the 
fractures; and 5) the effective matrix-block size. Reeves et al. (1987) 
conclude that four parameters are relatively unimportant in controlling 
regional transport within the Culebra. These include: 1) free-water 
diffusivity; 2) matrix tortuosity; 3) fracture porosity; and 4) retardation 
in the fractures (not shown in Table 4.12). 

The linear dependence of calculated breakthrough time on matrix retardation 
(K' ) h indicated in Figure 4. 2.12. This behavior also indicates the 
effective porous-medium behavior on the regional scale, since for an ideal 
porous medium the dependence of breakthrough time on retardation is 
strictly linear. Breakthrough to the southern boundary of Zone 3 should 
not occur within 10,000 years after release for any matrix distribution 
coefficient (ka) greater than approximately 0.2 mL/g for the assumed base-

. case Culebra material properties. 

Valid use or extrapolation of the results contained in Reeves at al. (1987) 
depends on the assumptions listed at the beginning of this section, 
especially the representative character of the base-case transport 
properties and range of properties used in the calculations. The validity 
of the results is also dependent on the validity of the transmissivity and 
head distribution within the Culebra dolomite between the calculated 
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of VIPP zone 3 as a function of assumed matrix retardation, 
otherwise assuming base-case material properties. Matrix 
retardation (K') is proportional to 1 + Kd· Therefore, for 
a matrix distribution coefficient Ckci) of 0, K' -1.0 . 
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release points and the southern boundary of Zone 3. The results of LaVenue 
et al. (1988) discussed in Section 4.1.3.2 indicate that groundwater and 
contaminant travel times in the southern part of WlPP Zone 3 may be even 
slower than calculated by Reeves et al. (1988), so long as flow directions 
and rates within the Culebra are not affected too greatly by the continuing 
transient response of the Culebra to the end of the last pluvial period. 

Effective matrix diffusion within fractured portions of the Culebra may be 
possible only because of the relatively slow flow velocities calculated 
assuming an undisturbed Culebra head distribution. In the event of a 
brine-reservoir breach of th~ WlPP facility, the volumes of brine injected 
from the Castile Formation into the Culebra dolomite might be sufficient to 
redefine the head distribution within the Culebra, greatly increase 
hydraulic gradients, and decrease flow times to the accessible environment. 
Calculations are underway to determine if the dual-porosity formalism is 
required to evaluate transport within the Culebra under these conditions. 

4.3 Geochemical Studies in the Rustler Formation and Shallower Units 

The hydrologic studies discussed in Section 4.1 and transport studies 
discussed in Section 4.2 largely ignore both geochemical behavior within· 
the Rustler Formation and the overall geologic behavior of the WIPP site, 
except for interaction between the Culebra dolomite and trace contaminants. 
The status and present conclusions of geochemical studies within the 
Rustler Formation and shallower units are discussed in this section. The 
results of these studies, summarized by Siegel et al. (1988a), help place 
constraints on the relationship between the modern geochemistry and flow 
directions within both the Culebra dolomite and the Rustler Formation as a 
whole. 

Section 4. 3.1 describes the status of geochemical studies of major and 
minor solutes, in which Culebra groundwaters have been divided into four 
hydrochemical facies that may be diagnostic of natural interactions between 
Culebra waters and the aatrix of the Culebra dolomite. The results, when 
compared with modern flow directions within the Culebra, indicat~ that the 
geochemistry of Culebra fluids is inconsistent with steady-state confined 
flow. 

Section 4.3.2 discusses the expansion of the stable-isotope results and 
interpretations contained in Lambert (1983) to interpretations contained in 
Lambert (l987b) and Lambert . and Harvey (1987). Stable-isotope studies 
themselves do not provide any information concerning the absolute ages of 
groundwaters. The studies can, in some cases, indicate whether different 
bodies of water were recharged under similar or different climatic 
conditions. The results of the recent stable-isotope studies indicate that 
the isotopic composition of Rustler groundwaters at and near the WIPP site 
is distinct from that of modern meteoric precipitation at similar 
elevations in the northern Delaware Basin. 

Section 4.3.3 summarizes studies examining the lengths of time groundwaters. 
in the Rustler/Salado contact zone, Rustler Formation, and Dewey Lake Red 
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Beds in the region of the tnPP site may have been isolated from contact 
with atmospherically derived components such as radiocarbon, tritium, and 
chlorine-36 (Lambert, 1987a). At the WIPP site, the applicability of such 
"environmental isotopes,• which occur in ultratrace amounts, is unavoidably 
limited by the variability of the rock types present, as well as by the 
ages of both rocks and groundwaters. Specifically, no detectable 36cl 
above background has been detected in Rustler fluids, because of the large 
chlorine background inherent in fluids which have been involved in 
dissolution of halite from within the Rustler Formation. Nor have tritium 
levels significantly above background been identified in Rustler fluids, 
except in hole WIPP-29, interpreted on other grounds to be contaminated by 
potash mining. Radiocarbon studies met with only limited success, because 
the normal techniques used in drilling_ hydrocarbon-exploration and 
hydrologic test holes at and near the WIPP have resulted, in many cases, in 
some contamination with organic materials. The limited number of minimally 
contaminated radiocarbon results, ·however, indicate that the Culebra 
dolomite and part of the Dewey Lake Red Beds at the WIPP site have been 
isolated from atmospheric carbon sources for at least 12,000 years. 

Section 4.3.4 discusses fluid-flow directions and rates within the Culebra 
dolomite, as interpreted from uranium-disequilibrium studies (Lambert and 
Carter, 1987). The results provide an effectively independent check of 
conceptual models derived from other studies. Although the present 
uranium-disequilibrium data base is limited, allowing considerable 
uncertainty in flow directions, the results indicate that there must have 
been a significant change in flow directions within the Culebra dolomite, 
on a time scale generally consistent with the end of local recharge 
indicated by radiocarbon studies. 

4.3.1 Solute Geochemistry and Delineation of Hydrocbemical Facies witbin 
the Culebra polomite 

This section summarizes the currently available data and hypotheses (Siegel 
et al., 1988a) concerning the origin and compositions of waters in the 
Culebra dolomite. These authors delineate Culebra fluids into various 
hydrochemical facies, consider the compatibility of these facies with 
modern flow patterns derived from stratigraphic and hydrologic studies, and 
examine the interactions of Culebra solutes and host-rock aineralogies. 
Although Siegel et al. (1988a) emphasize the Culebra, relevant preliminary 
results of work on fluids from the Magenta dolomite, Rustler/Salado contact 
zone, and Dewey Lake Red Beds are included. One section of Siegel et al. 
(1988a), Bodine et al. (1988), was prepared as a summary interpretation of 
a separat, study (Bodine and Jones, 1988) ~ based on an independent data 
base. Data used in estimation of oxidation potentials (Eh) (Myers et al., 
1988) were collected as part of the WIPP Water-Quality Sampling Program. 

4. 3 .1.1 Hvcirochemical Facies--The analytical ranges of compositions of 
Culebra waters and compositions used in calculations contained in Siegel et 
al. (l988a) are included in Table 4.13; major solutes are listed in Table 
4 .13a, minor and trace solutes in Table 4 .13b. Individual c:lata sets 
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Table 4 .13a: Hajor solutes and other paraJieters in analyzed groundwater• from the Culebra, Magenta, 

~Dewey Lake, and Bell Canyon. From Siegel et al. (l988b). 

Totel 
Dl .. olved Ionic lr•lcle fluoride Iodide loron llthh• StrontiUI Ill lee Iron Mengeneae 

Collection Solidi Strenetl CIIII/L (11111/l (1111/L (1111/L (11111/L (11111/L (11111/L (1110/L (1111/L 
U.ll(l) DateC ) Llb(2) CIIII/UC7) , ..... ,, ) 11 lr) .. f) •• I) II I) •• ll) •• Sr) 11 SIOz) II Fe) •• Mn) 

Culebra 
DOE·1 4/85 UIIC 111200 2.53 56 . . 37 0.64 26 8.4 0.28 
DOE·1 (2) lVI 60 1.2 . l6 0.64 21 
DOE·1 (Z) rng 56·64 1.0·1.7 . 15·37 (1) 16·26 8·24 

DOE·2 1/85 UNC 60400 1.19 14 1.7 0.22 16 0.47 18 17 0.036 0.10 
DOE·2 (2) lVI 15 1.6 0.22 18 0.47 29 
DOE·2 (2) rng 14·16 1.2·2.2 (1) 14·24 (1) 22·18 17·24 

H·2A 4/86 UIIC 12900 0.27 5.6 2.2 0.081 10 0.22 9.5 11 1.1 0.055 

H·111 6/84 UNC 55000 1.08 29 2.1 0.11 10 0.51 21 9.8 0.57 0.13 
H·31l Z/85 UIIC 55800 1.08 26 1.9 0.14 26 0.40 30 11 0.20 0.12 
H·312, H113 (4) lVI 11 1.8 0.14 28 0.41 25 
H·112, H111 (4) rng 26·19 1.5·2.1 0.11· 21·34 0.10· 21·30 9·20 

0.14 0.53 

H·41 5/81 UNC 21700 0.46 42 . . 18 0.19 _14 11 
H·4C 8/84 UNC 21200 0.45 48 2.1 0.23 20 0.49 18 11 2.2 0.20 
H·41 71115 UNC 20200 0.42 41 2.7 . 14 0.40 14 14 0.]2 0.11 
H·48, H·4C (4) lVI 44 2.2 0.21 111 0.42 15 
H·41, H·4C (4) rng 41·411 1.7·2.7 (1) 14·21 0.19· 11·111 11·10 

0.49 

H·51 6/111 UNC 154400 2.99 62 . . 11 0.77 12 6.2 
H·5C 10/81 UNC 154500 3.00 64 . . 15 0.77 11 5.8 
H·51 11/85 UNC 152600 2.97 49 2.0 0.19 14 0.111 29 7.1 2.9 0.29 
H·51, H·5C (4) lVII 58 1.1 0.19 11 0.78 11 
H·5B, H·5C (4) rng 49·64 0.8·2.0 (1) 29·35 0.77· 29·32 5·36 

0.111 

H·68 5/111 UNC 59300 . 1.111 34 . . 11 0.44 32 20 
H·68 9/85 UNC 57400 1.13 14 1.9 0.096 10 0.45 10 18 0.094 0.13 
H·68 (3) lVII 34 1.6 0.096 9.5 0.44 211 
it-61 (3) rnt 34·35 1.3·1.9 (1) 7·11 0.44· 24·12 111·43 

0.45 
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Table 4.13a: Major solutes and other parameters in analyzed groundwaters from the Culebra, Magenta, 
Dewey Lake, and Bell Canyon. From Siegel et al. (1988b). (Continued) 

Total 
Dl11olved Ionic lr0111lde fluoride Iodide lor on llthh.n Stronth.n Silica Iron M1ng1neae 

Collection Solidi Strength (1110/L C .. /L ( .. /L (1110/L (1110/L (1110/L (1119/L CIIIO/L (11'10/L 
Yell( I) Date< ) Leb(2) , .. 1ucn (110lel)C8) 11 lr) .. ,, II I) II I) II ll) II Sr) 11 SI02) .. ,., II Mn) 

H·711 3/86 UIIC 1220 0.089 0.57 1.5 0.052 0.76 0.10 8.5 47 0.056 0.050 
H·711 (]) lVI 0.57 1.4 0.052 o.n 0." 7.7 
H·711 (3) rnt (1) 1.2·1.5 (1) 0.34· 0.10· 5.1· 47·92 

0.80 0.12 1.7 

H·81 1/86 UIIC 2130 0.08] 0.085 2.5 0.14 0.41 0.12 6.9 29 0.036 0.021 
H·81 C2) lVI 0.085 2.4 0.14 0.49 0.12 6.7 
H·81 (2) rnt (1) 2.1·2.5 (1) 0.48· 0.12 5.9· 29·56 

0.50 7.4 

H·91 "'" UIIC 30110 0.087 0.24 3.3 o. 11 0.63 0.18 7.5 27 0.032 0.015 
H·91 (2) lVI 0.24 3.0 o. 11 0.66 0.11 7.2 
H·91 (2) '"' (1) 2.6·3.3 (1) 0.63· 0.17 . 7.0· 27·39 

0.70 0.18 7.5 

H·101 3/80 GS 65700 17 . 1.3 . 1S . . 1.5 

H·111J 6/15 UIIC 117400 2.2] 47 . . 32 0.62 25 . 0.14 0.22 
1·1113 (2) lVI 48 1.3 . 31 . 0.50 20 
H·1113 (2) '"' 47·48 1.0·1.6 . lO·lZ . 0.]8· 18·25 25·]2 

0.62 

H·12 8/85 UIIC 140500 2.72 76 . . ]9 1.2 ]1 7.2 0.22 0.087 
H·12 (2) lVI 76 1.5 . 38 0.85 29 
H·12 (2) '"' 76-n 1.1·2.3 . ]5·]9 0.61· 18·]8 7·96 

1.2 

P·14 2/86 UIIC 24900 0.58 72 1.7 0.42 . 0.72 0.28 51 30 2.0 0.18 
P·14 (2) lVI n 1.5 0.42 0.72 0.28 50 
P·14 (2) rnt (1) 1.2·1.7 (1) (1) (1) 48·51 30·69 

P·17 ]/86 UNC 86500 1.67 72 1.9 0.18 38 0.87 29 8.5 4.0 0.87 
P·17 (2) .,, 70 1.6 0.18 35 0.87 ]1 
P·17 (2) rnt 69·72 1.2·1.9 (1) )2·38 . (1) 28·36 0·8.5 

P·18 10177 GS 118300 2.57 . 1.2 . 100 . . 1.0 

• • 
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Table 4.13a: Major solutes and other parameters in analyzed groundwaters from the Culebra, Magenta, 

Dewey Lake, and Bell Canyon. From Siegel et al. (1988b). (Continued) 
.... 

Tote I 
Dl11otved Ionic lr011lde fluoride Iodide lor on llthh.n Stronth.111 Slllu Iron Mlll!IIMII 

Collect Jon Solicit strens~ta ( .. /L ( .. /L (~~~g/L (~~~g/L C .. /L (lllg/l (~~~g/L (11111/L (111!1/L 
vet I( a) Date< ) Llb(2) (~W/L)(7) (110111)( , •• lr) .. , II I) Iii I) •• Ll) •• Sr) 11 SIOz) •• Fe) •• Mn) 

VIPP·1J 2/87 lVI . . 39 1.4 . 11 0.35 25 

VIPP·25 8/80 UIIC 12100 0.26 2.6 . . 1.5 0.20 12 34 
VIPP·25 8/80 lVI 2.6 . . 1.5 0.20 12 
VIPP·25 8/80 rng (2) . . (1) (1) (1) (1) 

VIPP·25 2/86 UIIC 13600 . 3.4 1. 7 0.042 1.7 0.22 11 ]) 0.50 0.11 
VIPP·25 2/86 lVI ).8 ~.6 0.042 1.7 0.22 11 
VIPP·25 2/86 rng 3.4·4.2 1.6·1.7 (1) 1.7 (1) (1) 31·67 

VIPP·26 8/80 UIIC 15100 0.33 3.2 . . 1.4 0.24 11 ]) ..... 
"" VIPP·26 8/80 lVI 3.2 . . 1.4 0.24 11 
\D VIPP·26 8/80 ,,. (1) . . (1) (1) (1) (1) 

VIPP·26 11185 UNC 17600 0.31 3.9 1.7 0.070 1.6 0.23 zo 35 0.026 <0.01 
VIPP·26 11185 lVI 3.9 1.5 0.070 1.6 o.n 18 
WIPP·Z6 11/85 rng (1) 1.3·1.7 (1) (1) (1) 11·20 35·65 

VIPP·Z7 9/80 UNC 134700 2.57 28 . . 2.3 o.:s:s 51 23 
VIPP·Z7 (2) lVI 28 . . 2.1 O.JJ 51 
VIPP·27 (2) rng (1) . . 1.9·2.3 (1) (1) 11·23 

VIPP·Z8 91110 UNC 46600 0.90 7.2 . . 5.8 0.30 16 36 
VIPP·Z8 9/80 lVI 7.2 . . 5.8 o.:so 16 
VIPP·Z8 ,,. (1) . . (1) (1) (1) (1) 

VIPP·29 8/80 UNC 245400 4.91 45 . . 4.4 0.78 29 22 
VIPP·29 8/110 lVI 45 . . 4.4 0.78 29 
VIPP·29 8/80 rn1 (1) (1) (1) (1) (1) 

UIPP·29 12/115 UNC 324100 6.57 61 4.6 0.38 5.2 0.70 13 15 1.1 1.7 
VIPP·29 12185 avg 61 . 0.311 5.5 0.70 11 
UIPP·29 121115 rng (1) 0.9·4.6 (1) 5.2·5.8 (1) 9·13 15·110 

WIPP·30 9/110 UNC 29100 0.511 10 . . 6.1 0.27 111 6.5 
UIPP·30 91110 evg 10 . . 6.1 0.27 111 
UIPP·30 9/110 rng (1) (1) ( 1) (1) (1) 
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Table 4.13a: Major solutes and other parameters in analyzed groundwaters from the Culebra, Magenta, 
Dewey Lake, .and Bell Canyon. From Siegel et al. (1988b). (Concluded) 

.J. Total 
Dl11olved Ionic lr0111lde Fluoride Iodide lor on Lith lUI Strontltll Sit lea Iron Mtrllanele 

Collection solicit strengaa (111/l (1111/l (1111/l (Mg/l (Mg/l (111/l (1111/l (1111/l (111/l 
Well(l) Date< ) lab(2) CIII/UC 7) (IIOlat)C ) ae lr) aa F) al I) aa I) a• Ll) 11 Sr) 11 SI02) •• Fe) •• Mn) 

Entle J/15 UIIC 3270 0.09 0.27 2.8 o. 12 0.97 o. 17 8.4 29 0.59 0.060 
Entle J/85 avt 0.27 2.8 o. 12 0.87 0.11 7.7 
Entle J/85 "" (1) 2.8·2.9 (1) 0.77· (1) 7.0·8.4 29·54 

0.97 

Ma1ent1 
11·311 7/85 UIIC 8560 . 5.8 2.4 . 1.2 2.0 0.32 11 10 o. 11 o.o28 
11·311 ()) rnt 5.8·6.0 1 .8·2.6 1.2·2.0 2.0·4.5 0.32 13·18 10·26 

11·4C 11186 UNC 23900 . 5.9 2.4 0.31 12 0.46 12 9.1 0.71 0.29 
11·4C CZ) "" 5.9·7.5 2.2·2.6 ,, 11·12 0.41· 12·14 9·26 

0.46 

H·5C 10/86 UNC 6980 . 0.93 2.5 0.31 , 0.20 10 , 1.5 0.020 
11·5C 10/86 "" 

,, 2.5 (1) 10·11 0.20 8·10 11·26 

H·6C 10/86 UIIC 4540 . 2.3 1.5 0.086 2.2 0.21 9.8 , 0.26 0.010 
H·6C 10/86 rnt 1 .0·2.3 1.5·1.7 (1) 2.2·2.4 o. 19· 7.1·9.8 11·28 

0.21 

Dewy Lake 
Red ledl 

Ranch 6/86 UNC 2520 . 2.3 o.az o.n 0.10 0.12 5.9 52 0.024 <0.01 
Ranch 6/86 rnt 2.5 0.8·1.0 (1) o. 10· (1) 3.2·5.9 52·86 

0.19 

Twin· 
Pasture 1186 UIIC 4ot . 0.17 0.58 <0.01 o.n <0.05 t.1 47 <0.01 <0.01 
Twin· 
Pasture 1!86 rnt (1) 0.5·1.4 (1) o. 13· (1) 0.6·1.1 47·90 

0.16 

lell Canyon 
FNII. 
00£·2 7/85 UNC 149500 ' . 250 1.1 6.4 54 5.8 150 2.5 11 28 
DOE·2 7/85 rnt (1) 0.4· 1.4 6.4·7.9 54·61 2.8·5.8 150·300 2·30 

• • 
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Table 4.13b: Minor and trace solutes and other parameters in analyzed groundwater& from the Culebra, 

~agenta, Dewey Lake, and Bell Canyon. From Siegel et al. (1988b). 

Sodflll PotessfUI cetcfwt Megnesh• Chloride Sulfate lfurbonete 
Collection (11111/L ( .. /L ( .. /L (11111/L ( .. /L c .. /L ( .. /L 

Vet l(a) DateC1) Leb(2) zoneU) •• Ne) II IC) as Ca) as Mg) as Cl) as Sot,) 11 HCol)C4) peoz<5) pH(4) 

Cutebre 
DDE·1 4/85 UNC A 45800 1100 1730 1610 73600 7350 45 ·2.60 7.1 
DDE·1 (2) avo A 46000 1100 1700 1600 75000 7400 
DDE·1 CZ) till A 45000- (1) (1) (1) 73000· (1) 45·46 7.1 

46000 77000 

DDE-2 3/85 UNC c 18400 410 1960 1060 34600 3950 67 -2.33 7.0 
DDE·2 (2) evg c 18000 420 1900 1000 33000 3700 
DDE-2 (2) till c 17000- 410- 19(10- 900- 32000· 3400· (1) (1) 

19000 420 zooo 1100 35000 4000 

H·2A 4/86 UNC c 3570 93.5 743 167 5310 2980 57 ·3.38 8.0 

H-383 6/84 UNC c 17400 495 1550 829 29500 5130 - ·2.83 7.4 
H-383 2/85 UNC c 18000 425 1470 783 30300 4820 52 ·2.86 7.4 
H·l82, H·313 (4) evg c 18000 440 1400 760 29000 4800 
H·312, H-313 (4) till c 17000- 360· 1200· 690- 27000· 4600- 50·52 7.4 

19000 500 1600 830 31000 5200 

H-41 5/81 UNC c 6080 215 700 455 7980 6230 71 -3.35 8.0 
H·4C 8/84 UNC c 6150 222 698 505 7950 5700 75 -3.11 7.8 
H·41 7/85 UNC c 5850 210 691 427 7480 5520 69 ·3.04 7.7 
H·41, H·4C (4) lVI c 6000 220 690 450 7700 5700 
H·41, H·4C (4) till c 5800- 180- 690- 400· 7400· 5500- 68·75 7.6·8.0 

6200 260 700 510 8000 6300 

H-58 6/81 UNC A 52400 1290 1710 21" 89500 7360 80 ·3.21 7.9 
H·5C 10/81 UNC A 52300 1300 1720 2150 89500 7570 86 ·3.17 7.9 
H-51 . 8/85 UNC A 54100 1350 1700 2170 85400 7840 50 ·2.86 7.4 
H·51, H·5C (4) lVI A 53000 1300 1700 2200 87000 7600 
H-58, H·5C (4) till A 52000- 1200- 1700· 2100- 84000· 7300· 

55000 1400 1800 2200 90000 7900 

H· 61 5/81 UNC c 18600 450 2150 1030 33000 3980 96 ·2.16 7.0 
H·61 9/85 UNC c 18000 375 2040 1040 32300 3570 94 ·2.07 6.9 
H·61 (]) avg c 18000 420 2000 1100 33000 3600 
H·61 (3) till c 17000- 370- 1900- 1000- 32000· 3300· 90·96 6.9·7.2 

19000 450 2200 1200 34000 4000 
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Table 4.13b: Minor and trace solutes and other parameters in analyzed groundwaters from the Culebra, 
Magenta, Dewey Lake, and Bell Canyon. From Siegel et al. (1988b). (Continued) 

. Sodl .. Potalllllll Calchn Magneslllll Chloride Sulfate Bicarbonate 
Collection CIIIIIL (IIIIJ/L (IIIIJ/L (1119/L . (IIIIJ/L (1119/L (1119/L 

Uell(s) Dlte<1) Lab(2) zoneCl) II Nl) II IC) 11 Cl) II Mg) II Cl) 11 So4) as HCol)C4) peo2C5) p~~C4) 

H·781 3/86 UNC I 207 7.0 587 130 320 1850 120 ·2.20 7. 
H·781 (3) lVI I 210 7.0 570 130 320 1800 
H·781 (3) rng I 200· 7.0 540· 130 300· 1700· 120 7.3·7.4 

210 590 350 1900 

H·81 1/86 UHC I 55.1 3.83 548 157 30.5 1950 96 ·2.70 7.] 
H·81 (2) lVI I 54 3.9 540 170 32 1800 
H·81 (2) rng I 51· 3.7· 520· 150· 30·33 1600· 93·96 7.2·7.] 

56 4.1 5~0 180 2000 

H·91 11/85 UHC I 146 6.85 590 137 194 1900 110 ·2.43 7.4 
H·91 (2) lVI I 150 7.2 580 150 190 1800 
H·91 (2) rng I 140· 6.8· 560· 130· 170· 1700· 110 7.]·7.4 

150 7.6 620 170 200 1900 

H·101 3/80 GS c 21000 520 1600 1000 36000 5600 45 . 8.3 

H·111] 6/85 UNC A 40400 945 1700 1320 65900 7180 54 ·2.63 7.2 
H·111] (2) lVI A 39000 940 1600 1300 66000 7200 
H-111] (2) rng A 37000· (1) 1500· 1300· 65000· (1) 54·55 7.2·7.3 

41000 1700 1400 67000 

H·12 8/115 UHC A 49200 1270 1760 1980 79000 n1o 53 ·2.61 7.2 
H·12 (2) lyt A 50000 1300 1800 2000 80000 noo .. 
H·12 (2) rng A 49000· (1) 1700· 1900· 78000· (1) 5]·62 7.2 

51000 1900 2000 80000 

P·14 2/86 UNC c 4360 37.9 3520 840 14500 1590 110 ·1.81 6.8 
P·14 (2) lVI c 4100 41 ]700 aoo 14000 1600 
P·14 (2) rng c 3700· 31- 3500· 760· 13000· 1500· 100·110 6.8·6.9 

4400 45 3900 840 15000 1700 

P·17 3/86 UHC c 28300 782 1620 1460 48200 6020 64 ·2.90 7.5 
P·17 C2) lVI c 28000 820 1600 1500 49000 6000 
P·17 (2) rng c 28000· 780· 1500· 1400· 48000· 5900· 61·64 7.5 

29000 aao 1700 1600 51000 6100 

P·18 10177 GS A 9200 6200 5600 16000 80000 980 310 . 7.2 
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Table 4.13b: Minor and trace solutes and ~ther parameters in analyzed groundwaters from the Culebra, 

Magenta, Dewey Lake, and Bell Canyon. From Siegel et al. (1988b) . (Continued) 
.... 

Sod lUll Potasahn CelciUII MegnesiUII Chloride Sulfate Bicarbonate 
Collect\on (~ng/L (mg/L (11111/L (~ng/L (11111/L (11111/L (~ng/L 

Vell (I) Date< ) LebC2) zoneC3) es Ne) es IC) •• Ce) ea Mg) ea Cl) . •• 504) ea HC0J)C4) peo2<5) pttC4) 

VIPP·13 2/87 evg c 19000 340 . . 36000 4500 -120 - -6.6 

VIPP· 25 8/80 UNC c 3160 73.5 905 260 5250 2500 210 -1.69 6.9 
VIPP-25 8/80 evg c 3200 74 900 260 5200 2500 
VIPP-25 8/80 rng c (1) (1) (1) (1) 5200- (1) (1) (1) 

5300 

VIPP-25 2186 UNC c 3180 102 1140 315 6320 2380 130 . 7.2 
VIPP-25 2/86 BYI c 3300 100 1100 330 6200 2400 
VIPP·25 2/86 rng c 3100- 100- 1100· 310- 6200· 2300· (1) (1) 

3400 110 1200 340 6400 2400 
..... 
0\ VIPP·26 8/80 UNC c 3620 170 1240 355 7200 2480 140 -1.86 6.9 w VIPP·26 8/80 c 3600 170 1200 360 7000 2500 evg 

VIPP·26 8/80 . rng c (1) (1) (1) (1) 6900- (1) (1) 6.9 

VIPP·26 11/85 UNC c 4220 343 1340 380 8770 2420 120 ·2.14 7.1 
VIPP·26 11/85 BVI c 4100 350 1300 390 8600 2400 
VIPP·26 11/85 rng c 3800- 340· 1200· 370· 8400· 2300· (f) (1) 

4300 360 1400 430 8800 2500 

VIPP·27 9/80 UNC D 39200 8060 3210 1900 78500 3830 120 ·1.13 6.4 
VIPP·27 (2) evg D 39000 8100 3200 2000 78000 3900 
VIPP·27 (2) rng D 39000· (1) 3100· 1900· 77000· 3800· (1) 6.4 

40000 5300 2000 79000 3900 

VIPP·28 9/80 UNC c 15200 485 1180 555 24800 4380 . ·0.76 6.5 
VIPP·28 9/80 BYI c 15000 480 1200 560 24000 4400 
VIPP·28 9/80 rng c (1) (1) (1) (1) 24000· (1) 

25000 

VIPP·29 8/80 UNC D 71400 15600 950 5480 138000 14000 210 ·0.87 6.1 
VIPP·29 8/80 evg D 71000 16000 880 5600 140000 14000 
VIPP·29 8/80 rng D (1) (1) 810· 5400· 130000· 13000· (1) 6.1 

950 5700 140000 14000 

VIPP·29 12/85 UNC D 94900 23100 413 6500 179000 20000 160 ·0.75 5.9 
VIPP-29 12/85 BVI D 92000 22000 410 6400 . 180000 18000 
VIPP-29 12/85 rng D 90000- 20000- (1) 6]00- 179000- 17000· (1) (1) 

95000 24000 6500 180000 20000 
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Table 4 .13b: Minor and trace solutes and other parameters in analyzed groundwaters from the .Culebra, 
Magenta, Dewey Lake, and Bell Canyon. From Siegel et al. (1988b). (Concluded) 

Sod lUI Potaaahn CalciUI Magneahn Chloride Sulfate Bicarbonate 
Collection (1111/L (1111/L (mg/L (1111/L (1111/L (1111/L (1111/L 

Uell(a) DateC1) LabC2) zone(]) aa lila) at K) aa Ca) at Mg) aa Cl) aa Sot,) at HCo1)C4) peo2<5> pttC4) 

WIPP·lO 9/80 UNC c 8570 255 1140 460 14600 4120 40 HCO] ·4.41 8.8 
WIPP·lO 9/10 avg c 8600 260 1100 460 15000 4100 17CO] 
WIPP·30 9/80 rng c (1) (1) (1) (1) 14000· (1) (1) (1) 

15000 

Engle 3/15 UMC I 200 5.60 588 152 251 1990 110 ·2.44 7.4 
Engle 3/15 ave .I 190 5.5 580 140 230 1900 
Engle ]/85 '"' I 180· 5.4· 570· 130· 220· 1800· (1) (1) 

200 5.6 590 160 240 2000 

Magenta 
H·311 7185 UMC Mat 1520 34.5 1000 292 3360 2310 47 .. 8.0 
H·311 (]) '"' Mat 1500· 34· 1000 270· 3300· ZZOO· 45· 7.7·8.0 

1600 36 300 3400 2400 47 

H·4C 11/86 UMC Mil 7110 85.1 651 411 8460 7100 70 . 8.4 
H·4C (2) rng Mat 7100· 15· 610· 390· 1400· (1) 70· 1.1·1.4 

7300 99 660 420 8500 as 

H·SC 10/86 UNC Mil 1480 35.6 550 173 1070 3620 56 . 8.0 
H·SC 10/86 rng Mil 1400· (1) (1) 170· 1000· (1) (1) (1) 

1500 190 1100 

H·6C 10/86 UNC Mil 642 16.6 546 160 428 2700 s1 . 7.7 
H·6C 10/86 rng Mal (1) (1) (1) 160· 420· 2400· (1) (1) 

170 430 2700 

Ranch 6186 UNC DL 200 4.0 420 202 411 1100 220 . 7.0 
Ranch 6/86 rng DL 180· J.6· (1) 190· 390· 920· (1) (1) 

200 4.0 210 420 1100 

Dewey Lake Red leds 
Twln·Paature 1186 UMC DL 25.4 J.IS 80.4 22.5 44.1 75.1 230 . 7.1 
Twln·Paature 1/86 rng DL 24· J.7· 80· 22· 44· 70· (1) (1) 

26 4.3 11 25 47 76 

lell Canyon 
DOE·2 7115 UNC IC 49600 885 5910 1330 89700 2020 48 . 6.1 
DOE·Z 7185 rne IC (1) (1) (1) (1) 89000· (1) (lab) (1) 

90000 

• • 
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Footnotes for Tables 4.13a and 4.13b 

*Solute values from various labs have been rounded as follows: 
-Na, K, Ca, Kg, CL, S04 from UNC 3 significant figures 
·all others from UNC 2 sig. figs 
-all solutes from GS 2 sig. figs 
-all "avg• values 2 sig. figs 
·all minimum 'rng' values down to 2 sig. figs 
-all maximum 'rng' values up to 2 sig. figs 
·all total dissolved solids (TDS): to nearest 100 mg/L or 

-all bicarbonate values 
-all pH values 
-all pC02 values 
-all ionic strength values 

to· 3 sig. figs (for TDS<lOOOO) 
to 2 sig. figs 
to 0.1 pH unit 
to 0.01 unit 
to 0.01 molal 

Collection date: a number in parentheses indicates that values in that 
row are averages or ranges of da~a for up to that number of samples 

(2) avg • average of one or more values from one or more laboratories; 
used to calculate element ratios and generate contour plots 
(Siegel and others, 1988) 

rng • range of values from one or more laboratories; gives a crude 
estimate of the uncer.tainties associated with the data. A 
single value in the range row means that all values were 
indentical. A • {l) • in the range row means that only one 
reliable value was available 

GS • USGS Central labs 
UNC • UNC Geotech (before Oct. 1, 1986, Bendix Field Engineering 

Corp.), Grand Junction, Co. 

{3) zone • hydrochemical facies zone described by Siegel and others 
(1988). Applies only to Culebra. 

(4) Bicarbonate and pH values were measured in the field when the samples 
were collected. (Exception: HCOJ in the DOE-2 Bell Canyon 
sample was measured in the lab) 

(5) pC02 • calculated using PHRQPITZ (Siegel and others, 1988) 

(6) Stratigraphic horizon: BC · Bell Canyon Formation 
DL • Dewey Lake Red Beds 

Mag • Magenta Dolomite 

(7) Total dissolved solids · calculated by summing the major solutes 

(8) Ionic strength • calculated using PHRQPITZ (Siegel and others, 1988) 
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evaluated in compiling the table and methods for evaluating the data are 
discussed in Robinson (1988), Lambert and Harvey (1987), and Siegel et al. • 
(1988b). The data in Tables 4.13a and 4.13b were used by Siegel et al. 
(1988a) in facies assignments of Culebra fluids, saturation-index calcula-
tions, and factor analyses, as well as in plotting of element-ratio 
contours. 

On the basis of the available major-solute analyses (Table 4.13a), Culebra 
waters can be combined into four hydrochemical facies (Figure 4. 3 .1). 
These include: 

1. Zone A (H-5, H-11, H-12; DOE-1, ·P-17, P-18(?)), containing saline 
NaCl brines (about 2 to 3 molal) with a Ca/Kg weight ratio near unity. 
These waters are found in the eastern third of the VIPP site and 
further east, in a region roughly coincident with the region of lowest 
Culebra transmissivity. In the western part of Zone A, halite is 
present only in the unnamed lower member (Figure 1.5); in the eastern 
part of the zone, halite is present throughout the Rustler. 

2. Zone B (H-7, H-8, H-9, Engle), containing relatively fresh waters 
( <0 .1 molal). in which ca++ and S04- are the dominant solutes. These 
waters are found only south of the VIPP site. No Rustler halite is 
preosent in this zone. Data from the South and Indian wells (Bodine and 
Jones, 1988) suggest that these wells should also be classified as part 
of Zone B. 

3. Zone C, containing waters of variable compositions, low to moderate • 
ionic strength (about 0.3 to 1.1 molal), and Ca/Kg weight ratios 
greater than 1.5:1. These waters extend from the central part of the 
WIPP site to the eastern part of Nash Draw, in regions of low to high 
Culebra transmissivity. In the eastern part of the zone, halite is 
present in the unnamed lower member; on the western side of the zone, 
Rustler halite is absent. In general, the most saline brines in Zone C 
are found in the eastern part of the zone. 

4. Zone D, containing waters of anomalously high salinities (about 3 
to 7 molal) and K/Na mole ratios (about 0.2) relative to other sampled 
fluids (3 molal or less; K/Na mole ratios of 0.01 to 0.09) This zone 
is apparently confined to western Nash Draw, and contains only holes 
WIPP-27 and WIPP-29. Fluid compositions at VIPP-29 have have changed 
over the course of seven years of monitoring, probably in response to 
nearby potash refining operations. 

The chemical .• characteristics of the defined Culebra fluid facies can be 
summarized graphically in a Piper (trilinear) diagram (Figure 4.3.2). This 
plot generalizes the relationships between several major solutes, i.e., 
those in the Na-K-Mg-Ca-Cl-S04-C03 system. Relative proportions of cations 
and anions are shown in the triangular plots in the bottom half of the 
figure, relative ratios of divalent to monovalent cations and chloride to 
(sulfate plus carbonate) in the parallelogram portion of the figure. 
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Figure 4.3.1 : Summary of hydrochemical facies and local flow directions in 
the Culebra dolomite. Facies boundaries from Siegel et al. 
(1988a); modern flow directions from Figure 4 . 5B of LaVenue 
et al. (1988). 
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The analyses from Zone A have nearly identical ionic proportions (Figure 
4.3.2), and plot very near the Na-Cl corner in both pares of the figure. 
In contrast, the analyses of the dilute fluids from Zone B all plot near 
the Ca-Mg-S04 corner in the upper part: of the figure. Analyses from Zone C 
are variable, and those groundwaeers closer to the Na-Cl corner of the plot 
are similar eo waters from Zone A. Zones A and C are distinguished pri
marily on the basis of Ca/Mg ratio and ionic strength. Vaters from Zone D 
have similar ionic ratios as fluids from Zone A except for KjNa; Zone D is 
distinguished primarily on the basis of its high KfNa ratios. 

The overall interpretation of the facies distribueion (Siegel ee al., 
1988a), assuming that the Culebra is relatively confined, is that flow 
directions within the Culebra must be transient. The inconsistency of 
Culebra fluid densities and seeady-seaee confined flow was noted in Section 
4.1, based on numerical modeling studies of Haug et al. (1987) and LaVenue 
et al. (1988). Ramey (1985) noted that modern flow directions within the 
Culebra do not appear consistent with the modern salinity distribution. 
This inconsistency is also evident in Figure 4. 3.1, which is based on a 
larger and more reliable data base than considered by Ramey (1985). The 
most striking evidence is that fluids in Zone B, a facies with low 
salinity, lie down-gradient from more saline waters in Zone C. It is 
difficult to explain the origin of fluids presently in Zone I by steady
state confined flow through Zone C (Figure 4.3.1). One alternative to 
steady-state flow, based on isotopic studies (Sections 4.3.2, 4.3.3, and 
4.3.4), is that there has been a significant change in flow directions 
within the Culebra dolomite in the lase (approximately) 12,000 years. This 
is consistent with geologic ~vidence indicating the transient geologic and 
hydrologic setting of the YIPP site (Section 4.4). 

4.3.1.2 No;ma;ive Sal; Assembla,es of Bus;ler Va;ers--The chemica~ vari
ability of Culebra fluids has also been evaluated on the basis of normative 
salt assemblages, as summarized by Iodine et al. (1988). The normative 
salt assemblage (salt norm) of a given water is the equilibrium assemblage 
of salts that would precipitate from the water if it were evaporated to 
dryness under standard conditions (25 degrees C, 1 atmosphere pressure). 
In this interpretation, the SNORM code (Bodine and Jones, 1986) w~ applied 
by Bodine et al. (1988) . to a different data base than that shown in Table 
4.13. 

The interpretations of the derivation of Culebra fluids based on hydro
chemical facies, ·isotopic data, and physical hydrology are not in all cases 
consistent with those based on interpretation of salt norms. Siegel and 
Lambert (1988) conclude chat the overall hydrologic setting of the Culebra 
is transient. Bodine et al. (1988) conclude that the present distribution 

• -1 
of salt norms within the R.ustler Formation is, when considered alone, 
generally consistent with the modern Culebra flow field. These authors 
relax the vertical confinement of the R.ustler. On the basis of solutes 
alone, their interpretation cannot exclude dilution of primitive-diagenetic 
brines at P-14 and in the low-permeability, halite-rich zones of the 
Culebra ease of VIPP Zone 3 (for example at P-18) by water that has 
infiltrated from the surface and dissolved both halite and anhydrite or 
gypsum. Vith increasing distances from P-18 and P-14, increasing amounts 
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of solutes from recharge are interpreted to have mixed with primitive- • 
connate Culebra solutes. 

Based on salt-norm calculations, Bodine et al. (1988) suggest four end· 
member fluid compositions from evaporitic rocks at the YIPP site. These 
are: 

1. Brines containing alkaline earth (Ca, Kg, Ba, Sr, etc) chloride 
salts in their normative assembiages, combined with relatively low 
Cl/Br weight ratios (<300). These brines could arise as primitive
diagenetic fluids, for example when connate· waters are involved in 
dolomitization. The data base supporting this end member is limited. 

2. Dilute alkali-bearing carbonate waters, produced during recharge by 
carbonic-acid dissolution of detrital silicates in the zone of infil· 
tration. 

3. Dilute sulfate-rich waters, produced when meteoric waters dissolve 
anhydrite andjor gypsum, but little else. 

4. Variably saline halite-rich fluids or brines, produced when 
meteoric waters dissolve both anhydrite/gypsum and halite in the 
Rustler and upper Salado Formations. 

Bodine et al. (1988) conclude that the solutes in most waters in the 
Rustler Formation can be produced by mixing of these four end members. 
Water produced by dewatering of gypsum is not precluded by the solute 
assemblages. However, the stable-isotope compositions of confined Culebra 
and Magenta waters (Section 4. 3. 2) are characteristically meteoric, 
indicating that gypsum dewatering has not played an identifiable role in 
their derivation. Bodine et al. (1988) conclude· that, if analyzed solutes 
from the Culebra at P-18 are representative, the Culebra water from P-18 
has the highest proportion of apparent primitive-diagenetic brine. They 
also suggest that some components of the water from P-14 may be primitive, 
if it is assumed that there has been no mixing or contamination. Waters 
from the Rustler-Salado contact zone at H-5 and H-6 contain the highest 
proportion of the primitive-connate solutes. According to Bodine et al 
(1988), the relative proportion of recharge-type solutes to primitive
diagenetic solutes within the Culebra increases from the WIPP site towards 
the north, west, and south. 

The interpretative model of Bodine et al. (1988) relies heavily on the 
compositiODf of Culebra fluids at P-18 and P-14. As noted by Siegel et al. 
(1988b), the representative character of samples of Culebra fluids from 
P-18 is suspect, i.e., the analyses appear reliable, but may not represent 
actual Culebra fluids at this location. Hydrologic considerations also 
weigh against the reliability of these data. The Culebra transmissivity at 
P-18 (7.5 x 10·ll to 4.3 x l0-9 m2js, Table 4.2) is the lowest yet measured 
at or near the WIPP site. Therefore, while the Culebra at P-18 intuitively 
seems likely to contain connate brine, consistent with the norm-based 
interpretation of Bodine et al. (1988), the very fact that the Culebra is 
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so low in transmissivity at P-18 permeability makes it extremely difficult 
if not impossible to collect a meaningful fluid sample from the hole . In 
P-14, the situation is reversed. The Culebra in P-14 is extremely 
transmissive (2.3 x l0-4 m2js, Table 4.1). The preservation of original 
connate or diagenetic fluids in such a permeable region does not seem 
possible or consistent with expected rates of fluid flow in the vicinity 
(Figure 4.1.28). In addition (Section 4.3.2). the stable-isotope 
composition of Culebra waters from P-14 is meteoric, suggesting that P-14 
fluids have not been involved in extensive diagenetic reactions. However, 
the analyses of Culebra waters from P-14 do appear reliable. The cause of 
the apparent primitive-diagenetic component· in these fluids is not known. 

The salt-norm interpretation also relies heavily on vertical recharge from 
the surface to provide fluids for dilution of the interpreted primitive
diagenetic signature of Culebra fluids, especially south of the YIPP site. 
However, the isotopic evidence, discussed in later parts of Section 4.3 and 
in Section 4.4, as well as the measured head and transmissivity distribu
tions within the Rustler, discussed in Section 4.1, suggest that vertical 
recharge to the Culebra from the surface is not currently active at and 
near the YIPP site. The Culebra dolomite is confined at and south of the 
site, while the Dewey Lake Red Beds, where tested, are effectively 
impermeable. Finally·, as discussed in Section 4. 4, the preservation of 
large amounts of anhydrite in the Tamarisk Member overlying the Culebra, 
suggests that vertical infiltration of dilute solutions through the 
Tamarisk has been minimal. These relationships do not indicate that there 
has been no vertical fluid movement within the Rustler Formation or between 
the Dewey Lake and the Rustler, but that such movement is limited, and does 
not currently extend from the surface down to the Culebra. 

4.3.1.3 Saturation Indices and Factor An&lysis of Culebra Waters--Satura
tion indices of several evaporite minerals in analyzed Culebra waters have 
been calculated using the code PHRQPITZ (Plummer et al., 1988), and are 
summarized in Siegel et al. (l988a). The variation in halite saturation 
index as a function of ionic strength is shown in Figure 4.3.3. All fluids 
are undersaturated with respect to halite and Na and Cl concentrations vary 
widely. There is a consistent increase in halite saturation index with 
increasing ionic strength. 

The variations in calculated gypsum and anhydrite saturation indices with 
ionic strength are shown in Figure 4. 3. 4. The data are internally 
consistent and indicate both a general saturation with respect to gypsum 
and an increase in anhydrite saturation with increasing ionic strength. 
How,ever, with the exception of YIPP-29 (Zone D) all samples are 
undersaturated with respect to anhydrite. As a result, almost all Culebra 
waters are capable of converting into gypsum any anhydrite with which they 
might come into contact. 

Most calculated dolomite saturation indices for Culebra fluids indicate 
saturation or apparent sUpersaturation (Figure 4.3.5). The relationships 
between saturation indices, pH, and calculated pC02 suggest, as discussed 
in Siegel et al . (1988b), that loss of C02 during sample collection may be 
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HALITE SATURATION INDICES vs. 
IONIC STRENGTHS OF CULEBRA BRINES 
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Figure 4. 3. 3: Variation in calculated hali~e saturation indices of Culebra waters as a function of 
ionic strength. From Siegel et al. (1988b). 
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responsible for the apparent supersaturation; other potential sou_rces of 
error include use of an inappropriate free energy for dolomlte and 
analytical error. The wide scatter in dolomite saturation indices gives 
some indication of the apparent effect of degassing on calculations 
involving dolomite. The origins of the high_ origi~al pC02 in. Cule~ra 
waters is not known, but may include carbonate dlssolutlon and/or mlcroblal 
action (see Section 4.3.3). 

In addition to the major solutes used in defining hydrochemical facies and 
in calculating saturation indices considered thus far, there are consistent 
trends in both major-element (Ca, Mg, Na, K, ·c1, and S04) and minor-element 
(Br, I, Sr) ratios in Culebra fluids. These trends, which are discussed in 
more detail in Siegel et al. (1988b) include the following: 

1. The Na/Cl ratios of fluids south of the YIPP site are higher than 
would be produced by simple dissolution of halite, suggesting the 
importance of dissolution . of Na-silicates at some time in the deriva
tion of fluids" in this area. This is consistent with the norm-based 
end member of dilute meteoric alkali-bearing carbonate waters discussed 
in Section 4.3.1.1. 

2. At YIPP-27 and YIPP-29, the KjNa ratios and Na, K, Mg, Cl, and S04 
concentrations are significantly higher than at other wells in Nash 
Draw or west of the site, suggesting that potash refining operations 
have significantly contaminated these locations. This is consistent 
with the definition of hydrochemical facies •D• in Section 4.3.1.1 . 

3. Both ratios and concentrations of several elements are anomalous in 
samples collected from P-14, compared to surrounding wells. For 
example, concentrations of Ca, Sr, and I are anomalously high at P-14, 
and K and S04, low. The Na/Cl, KjNa. and Mg/Ca ratios are somewhat 
low, and the Cl/Br ratio distinctly low at this well. The "primitive
diagenetic• salt norm at P-14 is anomalous (Section 4.3.1.1). 

4. Regionally, the Cl/Br weight ratios are highest in Nash Draw, 
intermediate through the center of the YIPP site and to the south, and 
lowest at P-14 and H-4. 

Examination of the relations between element ratios discussed above 
indicate that correlations between elements are not simply linear. For 
this reason, the data in Table 4.13 were also examined using Principal 
Component Analysis (PCA). The technique is described in detail in Siegel 
et al. (1988b). The purposes of PCA are to determine if the fluids come 
from ·a single or continuously variable population, and to delineate the 
different independent ways (factors) by which major and minor elements are 
correlated. 

The preliminary results of factor analysis of Culebra fluids indicate that, 
on a regional seale, the samples are all drawn from a single chemical 
population; i.e., their chemistry is controlled by a consistent set of 
components. The most important component shown by R-mode PCA is dominated 
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by Na, K, Mg, Br, and Cl. All solutes except Si02, alkalinity, and pH 
exhibit positive correlation with this fac~or. The aecond aajor fac~or • 
also includes Na and Cl, but is dominated by Ca, HCOJ, and Sr. Overall, 
the da~a are interpre~ed ~o auggest ~hat the two fluid-compositional 
fac~ors describing the variability of Culebra waters represent addition of 
solutes by dissolution of halite, gypsum/anhydrite, and carbonates (Siegel 
et al., 1988b). 

However, because the amount of solute added by halite dissolution is so 
large relative to that added by other reactions, i.e., because halite 
solubiliey is much greater than that of other minerals considered, other 
chemical correlations aay be masked. For this reason, a second set of PCA 
was carried out by Siegel et al. (1988b), using a aethod clesigned to be 
independent of total dissolved solids and hence halite dissolution. The 
primary component determined in this analysis contains two groups of 
elements that are inversely correlated. One group contains Mg, bicarbonate 
alkalinity, and Si02; the other group contains Na, pH, B, and Li. This 
pat~ern of element association is tentatively interpreted by Siegel et al. 
(1988b) ~o reflect clay diagenesis or silicate hydrolysis. The apparent 
uniformity of the compositional factors describing the variability of 
Culebra waters does not identify a discrete mechanistic or mineralogical 
delineation between the hydrochemical facies defined in Section 4.3.1.1. 

4. 3 .1.4 · Estimated Oxidation-Reduction Potentials of Culebra Yaters- -Many 
of the transuranic elements to be emplaced in the lJIPP facility have 
multiple valence states. Therefore, given the possible role of the Culebra • 
dolomite in transport to the accessible environaent, it is important to 
estimate oxidation potentials (redox potentials, Eh) within the unit. 
Available measurements of redox potentials in Culebra waters are described 
in detail by Myers et al. (1988), and are summarized in Figure 4.3.6. 
Myers et al. (1988) conclude that the calculated potentials summarized in 

· Figure 4.3.6, based on the data from Pt electrodes and redox pairs involv· 
ing N, I, As, and Se, are fairly insensitive to assumptions concerning 
activity-concentration relationships, reasonable uncertainties in analyti
cal data, and errors introduced by uncertainty in field pH. Absolute 
potential measurements made with Pt electrodes are not generally considered 
highly reliable; they are included here only for purposes of inter-well 
comparison. Nonetheless, many of the data are internally inconsistent. 

The internally consistent values, indicated in Figure 4.3.6 by the vertical 
shaded bars, are interpreted by Myers et al. (1988) to bracket the redox 
potentials for the wells in Zone B (H-7, H-8, H-9, and Engle) between +330 
and +630 _mv (or higher). A similar range is indicated for lJIPP-26 (Zone C) 
in the eastern part of Nash Draw. Data for the nitrogen couple in 
hydrochemical facies A and C (Figure 4.3.1), except for VIPP-26, indicate 
less oxidizing conditions, with an estimated Eh of less than ·approximately 
+330 mv. 

Quantitative data are not available from within most of Nash Draw. The 
internally consistent data from lJIPP-26 indicate a similar range of redox 
potential to that at H-7, H· 8, and H- 9. The platinWD-electrode 
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measurements in H-7, H-8, H-9 and Y!PP-26 (Figure 4.3.6) are higher than 
those at most other locations. The apparent range of consistent potentials 
in YIPP-25 is large. Lambert and Robinson (1984) noee, however, chat YIPP-
25 evolved H2S during fluid sampling, suggesting chat these results are 
suspect. Relative measurements wieh Pt electrodes (Lambert and Robinson, 
1984), also indicate that redox potentials in ehe Culebra in Nash Draw are 
higher than those in ehe underlying Rustler/Salado coneact zone. 

Thus, there appear to be consistent variations in redox potential within 
the Culebra dolomite, with more reducing conditions eo the northeast and 
more oxidizing conditions toward the southwest. This regional variation in 
the modern oxidation potential plays a significant role in interpretation 
of uranium-disequilibrium studies discussed in Section 4.3.4. 

4.3.1.5 Mineralogy of the Culebra Dolomite--It has already been noted that 
both the composition and densiey of Culebra fluids vary considerably at and 
near the YIPP site. One objective of studies summarized in Siegel et al. 
(1988a) was to determine whether or not variations in Culebra mineralogy 
correlate with variations in Culebra fluid compositions. Accordingly, 
detailed mineralogical studies of Culebra samples from ten different 
locations along three ease-west traverses have been conducted, and are 
descriDed by Sewards et al. (1988). 

Figure 4. 3. 7 shows a mineralogical cross section of the Culebra dolomite 
from Nash Draw towards the east, soueh of the VIPP siee proper, as 
interpreted from sampled core (Sewarcls et al., 1988). As · in any core 
study, especially in a locally fraceured unit such as the Culebra, it 
cannot be demonseraeed thae ehe sampled core has been in contace wieh 
flowing groundwater. Mineralogical coneenes eseillaeed by Lambert (1988) 
during preparation of rubbled material aeleceed for isotopic analysis of 
Culebra matrix and veins (Section 4.4.2) differ somewhae from analyses 
summarized in Figure 4.3.7. The mineralogy ae H-7 and H-10 (Figure 4.3.7) 
is probably represeneaeive of ineace core samples ae the WIPP. The 
dominant mineral in the selected cores is fairly pure dolomiee, comprising 
about 85\ of ehe bulk rock (by weighe). Minor amounes of gypsum, calcite, 
and clay are oQserved throughout the sampled cores, but their diseribueion 
is heterogeneous boeh vereically and laeerally. Fractures, which are 
present in most cores, are most co111Dlonly lined with clay and gypsum. 
Gypsum (CaS04 · 2H20) occurs as boeh fracture and vug fillings. Available 
analyses indicate ehae ie is nearly pure. Boeh ehe composieion and 
textural features suggese that ie is secondary in origin. Calciee from the 
upper portion of the Culebra in WIPP-29 is also interpreted eo be 
secondary. Minor amounts of pyri ee, magnesite, quarez, and authigenic 
feldspar have been observed in some cores. Finally, a dark optically
amorphous and X-ray-amorphous material is present in some abundance in 
Culebra samples examined, and has been tentatively identified as organic 
matter. It is generally associated with clays, and ofeen occurs in algal 
structures or haloes surrounding vugs, the origin of which is attributed to 
biological activity. 
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In the intact cores examined by Sewards et al. (1988), corrensite, an 
ordered mixed-layer illiu-smectite clay, is the second most abundant • 
mineral within the Culebra after dolomite. In addition to occurring along 
fractures, clays are also present in the matrix of all Culebra samples, and 
commonly make up 3 to 5 weight percent of the bulk sample. The dominant 
clay minerals are corrensite, illite, chlorite, and a serpentine-like 
mineral, tentatively identified as amesite. 

The recent mineralogical studies in the Culebra indicate that the unit is 
vertically and laterally heterogeneous. The dominant variation in Culebra 
fluids, variation in Na and Cl (Section 4.3.1.1), is not reflected in the 
presence or absence of halite in Culebra core. Dolomite, clays, and gypsum 
are ubiquitous, and calcite local in occurrence. Table 4.14 summarizes 
potential rock/water reactions that may influence the chemistry of Culebra 
waters. With the exception of halite, all of the minerals involved in 
reactions listed in Table 4.14 .occur in ehe Culebra ehroughout the area at 
and near the WIPP site. Halite that has definitely not been introduced 
during drilling has not been reliably identified in any Culebra core. With 
the exception of halite dissolution, any of ehe reactions indicated in 
Table 4.14 can occur in any of the Culebra hydrochemical facies zones 
defined. Examination of potential rock/water reactions affecting fluid$ 
within the Culebra has not yet identified unique or discontinuous 
relationships between matrix mineralogy and fluid composition that can be 
used to place additional constraints on either present or past directions 
of fluid flow. 

In summary, the highly variable fluids within the Culebra dolomite can be 
divided into four facies. The distribution of these facies is not • 
consistent with modern regional flow directions estimated from hydrologic 
measurements, if steady-state confined flow is assumed. Zone B, containing 
lower-salinity fluids lies down-gradient from Zone C, which contains more 
saline waters. An internally consistent interpretation of the variability 
of Rustler fluids is possible on the basis of salt norms if large-scale 
vertical recharge is assumed in some areas. However, some of the analyses 
used in this interpretation do not appear to be representative, and both 
isotopic and hydrologic evidence suggest that such vertical fluid movement 
is not now operative at and near the WIPP site. The mineralogy of core 
samples from the Culebra dolomite is consistent only in its variability. 
It cannot be demonstrated that sampled fluids at a given well have been in 
contact with a given piece of core; therefore it cannot be directly 
demonstrated that rock/water interactions identified on the basis of a 
given core sample control or affect the local fluid composition. The 
available data cannot identify any unique relations between Culebra matrix 
mineralosr and major-solute or minor-solute compositions of Culebra waters 
that can ·themselves be used to place constraints on either past or present 
flow directions within either the Culebra or the Rustler Formation as a 
whole. As discussed in Section 4.4.2, however, the isotopic compositions 
of some minerals within the Rustler, especially gypsums, can be used to 
place constraints on vertical fluid flow. 
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Table 4.14: Summary of possible rock-waeer reacdons affecting composi
tions of Culebra fluids. From Siegel et al. (l988a). 

Chemical Process 

Halite Dissolueion 

Precipitation/dissolueion of 
gypsum 

Precipieaeion/dissolueion of 
calciee and dolomiee 

Dolomitizaeion: calciee + Kg 
-> dolomite + Ca 

Dedolomieizaeion: dissolueion 
of gypsum and dolomite with 
concurrent precipitation of 
calcite . 

Ion exchange involving Kg, 
K-rich clays in NaCl brines 

Mixing of connate hypersaline 
formation water with recharge 
water thae has dissolved 
gypsum, 

Incongruent dissolution of 
polyhalite 

Potential Effect on Culebra Water 

increase Na, Cl; Br, Li; decrease Cl/Br; 
increase solubility of carbonates and 
sulfates up to 3 aolal NaCl and then 
decrease solubility causing changes in 
Ca, Mg, S04, C03 

decrease/increase Ca, S04 

decrease/increase Ca, Mg, C03 

decrease Kg/Ca 

decrease pH, alkalinity/S04; 
maintain Mg/Ca molar ration < 1 

loss of Na, gain of Mg, K by solution 

increase Kg, Ca, K, Na, Cl; decrease 
so4, Cl/Br 

increase Mg, K, S04; decrease Ca, Cl/Br 

4.3.2 Recent Stable-Isotope Studies of Groundwaters from the Rustler 
Formation and Younger Units 

4.3.2.1 Tbe Cbaraeter of Modern Recharge in tbe Nortbern Delaware Basin·· 
As mentioned above, stable-isotope studies do not provide direct infor
mation concerning the age of groundwater. Rather, they may indicate 
whether or not two or more bodies of water were recharged under similar 
climatic conditions and whether or not one of the bodies of water is 
modern. At the WlPP site, the approach requires both determination of the 
isotopic character of modern recharge in the region and determination of 
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whether or not the isotopic character of groundwaters in the Rustler 
Formation and younger units is consistent with that of modern precipi
tation. Recent stable-isotope studies of groundwaters in the northern 
Delaware Basin conducted as part of ~IPP site-characterization activities 
are summarized by Lambert and Harvey (1987). 

The present stable-isotope data base for waters from Carlsbad Caverns 
{Lambert and Harvey, 1987), is summarized in Figure 4. 3. 8. Samples were 
collected from active drips or pools in portions of the cavern system well 
above the modern water table. Depending on assumptions concerning seasonal 
averaging of fluid compositions during infiltratio~ and possible evapora
tion within the caverns, these waters may or may not be representative of 
modern meteoric recharge in the .northern Delaware Basin at elevations 
similar to that of the surface of the WIPP site. 

Lambert and Harvey (1987) conclude that, with one possible exception 
{sample "GS"), evaporation and rock-water interaction do not play a 
significant role in derivation of the waters .shown in Figure 4.3.8. This 
is because the waters fall in or near the "meteoric field," defined by the 
compositional space between the statistical world-wide precipitation trends 
calculated by Craig {1961) and by Epstein et al. (1965, 1970). Therefore, 
the isotopic character of the waters (Figure 4.3.8) is interpreted as con
sistent with that of modern meteoric recharge in the northern Delaware 
Basin. 

The character of modern precipitation in the northern Delaware Basin also 
rests on other analyses. In 1983, waters from Carlsbad Caverns were 
essentially the only waters interpreted to represent this recharge. As 
shown in Figure 4.3.9, most of the more recent measurements on surficial 
waters and some on shallow groundwaters in the vicinity of the WIPP site · 
and at similar elevations are consistent with measurements on unconfined 
waters from the Capitan limestone. Samples from a local storm {August 26, 
1980) fall within the Carlsbad Caverns field, as do samples from the Dewey 
Lake Red Beds at the James Ranch and Quaternary alluvium at Wl·PP-15. The 
character of the water from the Dewey Lake Red Beds in the James Ranch well 
is consistent with the interpretation that the Dewey Lake is experiencing 
modern .recharge at this location. The well at the James Ranch {identified 
as "ranch well" in Figure 1.2) is close to a locally active dune field 
south of the WIPP site; ~IPP-15 was drilled specifically to investigate San 
Simon Sink {Figure 1.1), an active collapse feature over the Capitan 
limestone. The measured deuterium/hydrogen ratios of nine water-table 
samples from the Ogallala Formation in southeastern New Mexico are con
sistent with the lighter end of the Carlsbad Caverns field in Figure 4.3.9. 
Heavier Ogallala samples also high in tritium, discussed by Lambert (1988), 
are consistent with this field. Thus, Lambert and Harvey (1987) base the 
isotopic composition range of their field of "demonstrably modern 
precipitation• used in discussions below and in later figures in this 
section on measurements at several localities, and in several different 
geologic units. Additional information, especially concerning both the 
deuterium and tritium characteristics of groundwaters in the High Plains of 
Texas and the northern Delaware Basin of New Mexico is contained in Lambert 
{1988). 
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Figur~ 4.3.8: Available stable-isotope analyses of waters from the uncon
fined portion of the Capitan limestone in Carlsbad Caverns, 
New Mexico. The two -letter identification of individual 
samples is fully explained in Table 3 of Lambert and Harvey 
(1987). The meteoric field is defined as the area between 
the statistical correlation lines of Craig (1961) and 
Epstein et al. (1965, 1970). Slightly modified from Figure 
6 of Lambert and Harvey (1987) . 
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waters in the northern Delaware Basin. Slightly modified 
from Figure 9 of Lambert and Harvey (1987). 
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Stable-isotope data from both the travertine deposit in McKittrick Canyon 
and a local storm (May 5, 1977) are much lighter than the Carlsbad Caverns 
field shown in Figure 4. 3. 9. The isotopic character of these samples . is 
interpreted by Lambert and Harvey (1987) to be due to local ele~a~1on 
effects and point-data variability of individual storms. A Slmllar 
elevation-dependent argument is made concerning the deuterium data 
available for Rio Hondo and at Carrizozo (see Lambert and Harvey, 1987 for 
discussion and detailed sample locations). 

Not all data from stratigraphic units . above the Rustler fall in the 
Carlsbad Caverns field in Figure 4.3.9. Water from the Dewey Lake Red Beds 
at the Pocket well is relatively light. This water has a calculated 
minimum radiocarbon age of 14,000 years (Section 4.3.3). The ages or 
isolation times of the relatively light waters from the Smith and Fairview 
wells are not known. The available stable-isotope results indicate 
complexity within the Dewey Lake Red Beds. The James Ranch well appears to 
contain "modern.• water, and is located near an active .dune field. The 
Pocket and Fairview wells, which both contain water isotopically distinct 
from the Carlsbad Caverns field in Figure 4.3.9, are both located near the 
southwestern lobe of Nash Draw. 

4.3.2.2 The Hvdroloc of the t.TIPP Site and Vicinity Relative to Modern 
Recharge--Figure 4.3.10 summarizes the available stable-isotope data for 
groundwaters from the Magenta and Culebra dolomites at and near the WIPP 
site. In this figure, the i~otopic character of these waters is contrasted 
with the Lambert and Harvey (1987) estimate of •demonstrably modern 
Delaware Basin recharge at 3,000 - 4,500 feet elevation,• discussed above. 
The compositionally distinct waters from WlPP-29 and Surprise Spring, both 
of which are distinct from the meteoric field (Figure 4.3.8) are discussed 
separately below. 

There is no overlap between the CulebrajMagenta data near the meteoric 
field and the interpreted compositional field representing modern recharge 
(Figure 4.3.10). On the basis of the consistent compositional distinctions 
shown in Figure 4.3.10, Lambert and Harvey (1987) conclude that: 1) the 
stable-isotope compositions of Culebra and Magenta groundwaters do not 
reflect modern meteoric recharge of the Rustler Formation; 2) there is no 
significant modern recharge to the Magenta and Culebra dolomites at and 
near the YIPP site; and 3) the waters presently contained within the 
Magenta and Culebra at and near the WIPP site were recharged under dif
ferent climatic conditions than those at present. Therefore, at least some 
aspects of the hydrology of the Rustler Formation must be transient on some 
time scale. 

The Rustler Formation is not the only unit in the northern Delaware Basin 
that contains older water. There is also significant variability in the 
isotopic character of fluids within the Capitan limestone (Figure 4.3.11). 
The heavier samples defining the •carlsbad Caverns" compositional field in 
this figure, which is almost identical to the modern recharge field in 
Figure 4.3.10, are from the unconfined and partially saturated hydrologic 
system within Carlsbad Caverns. The lighter samples are from wells drilled 
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Figure 4.3.10: Stable-isotope compositions of waters from the Culebra and 
Magenta dolomites at and near the WlPP site. The "modern 
recharge• field is defined by the Carlsbad Caverns field 
and other consistent data contained in Figures 4. 3. 8 and 
4.3.9. Note the anomalous character of samples from YIPP-
29 and Surprise Spring. Slightly modified from Figure 14 
of Lambert and Harvey (1987). 
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Figure 4.3.11: Comparison of stable-isotope character of waters from un
confined and confined portions of the Capitan limestone. 
Slightly modified from Figure 10 of Lambert and Harvey 
(1987) . 
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into confined regions of the Capitan. The signatures of samples from con- • 
fined portions of the Capitan limestone fall within the same compositional 
field as most Rustler fluids. Rased on uranium-disequilibrium studies, 
Barr et al. (1983) estimate the isolation times for the Capitan waters from 
the Middleton and Hackberry wells (Figure l.l) as 5 . 8 x 105 and 1 . 05 x 106 
years, respectively . 

Thus, stable-isotope measurements in the Rustler Formation, Dewey Lake Red 
Reds, and Capitan limestone are consistent with the conclusion that the 
hydrology of the northern Delaware Rasin is transient. The fundamental 
conclusions of Lambert and Harvey (1987) and Lambert (1988) concerning the 
hydrologic setting of the northern Delaware Rasin are: 

l. The isotopic compositions of waters from unconfined portions of the 
Capitan limestone, the Ogallala Formation, and several other unconfined 
sampling locations at elevations similar to that of the tnPP site are 
representative of modern meteoric recharge within the northern Delaware 
Basin. 

2. The general isotopic composition of samples from the Culebra and 
Magenta dolomites of the Rustler Formation at and near the WIPP site, 
as well as of samples from confined portions of the Capitan limestone, 
is distinct from that of modern meteoric precipitation within the 
northern Delaware Basin. 

3. The Culebra and Magenta dolomites at and near the tnPP site, in 
addition to part of the Dewey Lake Red Beds and confined portions of • 
the Capitan limestone, were recharged under climatic conditions 
different from those effective at the present time. 

4. Therefore, the hydrology of the northern Delaware Basin is 
transient on some time scale. The stable-isotope technique itself 
provides no information concerning the possible times or time gaps 
between two interpreted recharge intervals or events, nor does it 
necessarily provide information concerning where recharge might have 
taken or be taking place. In the specific case of the Rustler 
Formation, however, the stable-isotope technique does indicate that 
significant modern meteoric recharge to the Culebra or Magenta is not 
taking place at any of the sampled localities. 

One site-specific focus of Lambert and Harvey (1987) is the determination 
of whether or not southeastern Nash Draw, specifically the area including 
hole W'IPP-29 and Surprise Spring (Figure l.l), is a major point of 
discharge . for Rustler fluids flowing across the WIPP site. Lambert and 
Harvey (1987) evaluate the question by comparison of the solute and 
isotopic characteristics of fluids from hole tnPP-29 and Surprise Spring 
with those of other Rustler fluids. As shown in Figure 4.3.10, the 
isotopic signatures of fluids from both W'IPP-29 and Surprise Spring are 
quite distinct from the meteoric field. Lambert · and Harvey (1987) 
conclude that the solute characters of tnPP-29 and Surprise Spring waters 
are also distinct. 
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In general, the modern flow directions within the Culebra in Nash Draw are 
roughly parallel to the axis of Nash Draw (Sectio~ 4.1). This suggests 
that, if Surprise Spring is to be a major point of Culebra discharge. 
fluids must first flow through the region of hole YIPP-29. Rustler ground
waters have been sampled at both Surprise Spring and YIPP- 29. It is 
essentially impossible to derive Surprise Spring waters from evaporation of 
WIPP-29 Culebra waters, since the lower chloride content at Surprise Spring 
(Figure 4.3.1) indicates major dilution relative to YIPP-29. The same 
argument applies to derivation of Surprise Spring waters from Culebra 
waters at both H-5 and H-6 at the YIPP site, and at many holes within Nash 
Draw itself. Further, as noted by Lambert and Harvey (1987), Surprise 
Spring appears to discharge from the Tamarisk Kember of the Rustler, rather 
than from either the Culebra or Magenta. 

In addition, the Cl/K (weight) ratios for fluids from holes YIPP-27 and 
YIPP-29 are distinctly lower than those of Dther Rustler fluids both in and 
outside Nash Draw, including Surprise Spring (Section 4. 3 .1.1). Culebra 
groundwaters from YIPP-27 and WIPP-·29 have Cl/K ratios of ten and nine, 
respectively, compared to ratios generally from 38 to 73 in holes outside 
Nash Draw, and a value of 52 at Surprise Spring. Hole YIPP-27 is downslope 
from the tailings ponds of Mississippi Chemical Corporation's potash 
refinery in Nash Draw, While YIPP-29 is downslope from the tailings ponds 
of the International Minerals and Chemicals refinery (Lambert and Harvey, 
1987). 

Lambert and Harvey (1987) interpret these relationships and the fact that 
the isotopic compositions of waters from YIPP-29 and Surprise Spring are 
both distinct from the meteoric field to indicate that: 

1. The hydrology of Surprise Spring is essentially isolated and 
independent from that of the Culebra at YIPP-29, and is not dominated 
by confined Rustler groundwaters from elsewhere. Surprise Spring 
discharges from the Tamarisk Kember of the Rustler. Nearby exposures 
of the Tamarisk serve as a likely recharge area for Tamarisk discharge 
at Surprise Spring, and may or may not be contaminated by local potash
refining operations. The isotopic compositions of groundwaters at both 
YIPP-29 and Surprise Spring appear to have been derived from surface
type water by partial evaporation. 

2. Surprise Spring is not at present a significant point of discharge 
for Culebra and/or Magenta fluids flowing across the WIPP site. 

3. As indicated by the relatively low Cl/K weight ratios in fluids 
from YIPP-27 and YIPP-29, local potash refining has a major impact on 
Rustler geochemistry and hydrology within Nash Draw (Section 4.3.1.1). 

Lambert and Harvey (1987) conclude that the isotopic character of fluids 
collected from the Rustler/Salado contact zone (Figure 4.3.13) is strongly 
affected by rock-water interaction (isotope shift). The extent of this 
effect generally increases with increasing distance from Nash Draw, paral
leling a general decrease in permeability (Section 4.1) and increase in 
rock-water ratios . 
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Figure 4.3.12: Relationship between oxygen fractionation and chloride con
tent for analyzed fluids from the Culebra, Magenta, and 
Rustler/Salado contact. Figure 21 of Lambert and Harvey 
(1987). 
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Figure 4.3.13: Stable-isotope character of waters from the Rustler/Salado 
contact, compared with modern precipitation in the northern 
Delaware Basin. The •modern recharge• field is defined as 
in Figure 4.3.10. Figure 15 of Lambert and Harvey (1987) . 
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The in~erpre~a~ions of Lambert and Harvey (1987) and Lamber~ (1987b) are 
not consisten~ wi~h some conclusions con~ained in Chapman (1986), which is 
based on review of much of ~he data contained in the two later reports . 
The fundamental disagreement lies in interpretation of the distinctions 
between waters from unconfined portions of the Capitan limestone, modern 
precipitation, and Rustler wa~ers from at and near the WIPP site. The 
logic behind a portion of the disagreement is shown in Figure 4. 3. 14. 
Chapman (1986) concludes ~hat the isotopic character of modern meteoric 
recharge in both the northern Delaware Basin and the Roswell Basin is 
represen~ed by the weighted mean precipitation for the town of Roswell, 
calculated by Hoy and Gross (1982) (Figure 4 -.3 .14), and that meteoric 
variability in both areas is closely represented by the trend line of Craig 
(1961). If these assumptions are valid, then it is possible to derive most 
of the isotopic compositions of unconfined waters collected within Carlsbad 
Caverns by "high-humidity" evaporation (line B in Figure 4.3.14) of water 
representing the calculated Roswell-weighted mean precipitation. Under 
this interpretation, the unconfined waters from Carlsbad Caverns would be 
secondary, and would not represent modern meteoric precipitation. As 
shown, the weighted mean precipitation used by Chapman to derive unconfined 
Capitan waters is also distinct from the compositional field defined by 
most Rustler, Dewey Lake, and confined Capitan waters. Chapman (1986) 
attributes this difference to a •seasonal or amount effect.• 

Chapman (1986) also notes that, if only stable-isotope relationships are 
considered, the isotopic character of waters from Surprise Spring can be 
derived by partial near-surface evaporation of Rustler groundwaters (Line A 
in Figure 4.3.14); i.e., tha~ Surprise Spring could be a major point of 
discharge for Rustler waters at and near the WIPP site. While this appears 
to be theoretically possible on the basis of stable-isotope relationships 
alone, the solute-composition relationships described in Lambert and Harvey 
(1987) and summarized above preclude this possibility. 

The disagreement between the interpretations contained in Lambert and 
Harvey (1987) and Chapman (1986) concerning the overall nature of the 
hydrology in southeastern New Mexico is fundamental, and cannot be resolved 
by stable- isotope studies alone. However, these studies do clarify the 
differences in opinion. Chapman (1986), in effect assumes that the 
hydrology of southeastern New Mexico is at steady state (or, alternatively, 
that its response to changing climatic conditions is effectively instan
taneous). She assumes that the weighted mean precipitation for Roswell and 
the statistical correlation of Craig (1961) are significant by themselves, 
and demonstrates that it is possible, based on these assumptions, to 
generate unconfined waters from Carlsbad Caverns by evaporation. By 
Chapman's. interpretation, the unconfined Capitan waters do not represent 
modern recharge. However, the field of demonstrably modern Delaware Basin 
recharge defined by Lambert and Harvey (1987) includes or is consistent 
with analyses from several other locations in addition to Carlsbad Caverns. 
The weighted mean precipitation used by Chapman to derive unconfined 
Capitan waters by evaporation is also distinct from the compositional field 
defined by most Rustler, Dewey Lake, and confined Capitan waters. Chapman 
(1986) attributes this difference to a •seasonal or amount effect. • The 
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Figure 4. 3 . 14: Possible derivation of Carlsbad Caverns waters from modern 
precipitation. Modified from Figures 13 and 14 of Chapman 
(1986), by addition of the statistical correlation line for 
meteoric precipitation of Epstein et al. (1965, 1970) and 
deletion of waters from the Roswell Basin . 
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operation of this effect on Rustler, Dewey Lake, and confined Capitan 
waters, as well as Ogallala water from the High Plains is not explained. 

Lambert and Harvey (1987) do not assume that the hydrology of southeastern 
New Mexico is at steady state. They do assume that significant departure 
in isotopic signature from the meteoric field defined by the compositional 
space between the statistical correlations of Craig (1961) and Epstein et 
al. (1965, 1970) is required before any recourse to evaporation is 
justified. Unconfined Capitan waters (and others, such as Ogallala fluids 
and samples from alluvium at WIPP-15) are interpreted by Lambert and Harvey 
(1987) to represent modern meteoric recharge iri the northern Delaware 
Basin. The demonstrably different isotopic character of most Rustler, 
Dewey Lake, and confined Capitan waters from the field they interpret to 
represent modern recharge in the northern Delaware Basin is taken to 
reflect recharge under conditions distinctly different from those eon
trolling modern recharge. Since steady state is not assumed, no single 
weighted mean precipitation is either defined or deeaed relevant. The 
conclusions of isotopic studies discussed in Sections 4.3.3, 4.3.4, and 
4. 4. 2 are consistent with the interpretation of a transient hydrologic 
setting of the Rustler Formation and shallower units at and near the WIPP 
site. 

4.3.3 Recent Isotopic Studies with Emphasis on Rldioea;bon 

Studies investigating the applicability of several environmental isotopes 
(isotopes generated primarily within the atllosphere), especially radio
carbon, to the shallow stratigraphic units at the WIPP are sWIIIUlrized by 
Lambert (1987a, 1988). Although the emphasis in these studies was on 
radiocarbon, tritium, and ehlorine-36 were briefly evaluated. No 36cl 
above background could be identified, nor could tritium values signifi
cantly above background be identified except in hole WIPP-27. The high 
chlorine background is to be expected in fluids in a halite-bearing 
evaporite section. The tritium at WIPP-27, consistent with the major
solute composition of Culebra groundwaters from WIPP-27 (Section 4.3.1.1), 
is interpreted to be due to contamination by potash-refining operations. 
Radiocarbon studies .indicate that JDanY of the sampled wells have been 
contaminated by organic materials during drilling, easing, and/or 
hydrologic testing. The successful radiocarbon measurements indicate 
isolation times of at least 12,000 to 16,000 years for three Culebra waters 
and one Dewey Lake water. Two of the four measurement points lie on nearly 
opposite sides of the WIPP site. 

The relationship between calculated •percent modern carbon• (PMC) and the 
bicarbonate content of most of the fluids analyzed to date, including three 
samples from the Rustler/Salado contact zone, is sWIIIUlrized in Figure 
4.3.15. PMC is carbon counts relative to 1950 wood. As shown in Figure 
4. 3 .15, there is a strongly linear relationship between PMC and bicar
bonate. The apparent end members are: a) a O·PKC fluid with a bicarbonate 
content of approximately 60 mg/1, i.e., groundwater in equilibrium with 
carbonate, assuming bicarbonate is equal to total carbonate; and b) a 
100-PMC fluid with a bicarbonate content of approximately 300 mg/1. 

194 

• 

• 

• 



• 

• 

• 

100 

90 WIPP·26 RUSTLER/SALADO (!) 

95'1. CONFIDENCE LIMITS, 
80 1 REPLICATE 

70 t 
-(,) 
:e 
~ -z 60 
0 
CD 
a: c 
(,) 

z 50 WIPP·25 MAGENTA 
a: 
"' WIPP·25 RUSTLER/SALADO e 
Q 
0 :e 
~ 
z 40 
"' (,) 
a: 
"' ~ WIPP·26 CULEBRA 

30 

20 

10 
(!) ENGLE CULEBAA (NOT IN LS CALC.) 

(!} H-IC CULEBRA 

o~----_.._ ______________________________ ___ 

0 100 200 300 

Figure 4.3.15: Relationship between calculated percent modern carbon (PMC) 
and bicarbonate in analyzed fluids. Figure 3 of Lambert 
(l987a) . 
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If, as is commonly the case in radiocarbon studies, it is assumed that • 
recharge groundwaters initially containing small amounts of atmospherically 
derived C02 (PMC near 100) equilibrate fairly quickly with carbonate 
minerals underground, it is difficult to explain waters in Figure 4.3.15 
having greater than approximately 60 mg/1 bicarbonate. In other words, one 
would expect the slope in Figure 4.3.15 to be negative rather than positive 
if this slope reflected increasing equilibration with underground 
carbonates with increasing time (decreasing PMC) (Lambert, 1987a). By this 
logic, the high-PMC samples in Figure 4. 3.15 do not represent modern 
infiltration. 

Regardless of the or~g~n of high-PMC contents, a linear relationship should 
result from evaluation of any two compositional variables for the same 
fluids, if the data distribution in Figure 4. 3.15 is a result of linear 
mixing of two fluid components. This is not the case for the analyzed 
fluids since the relationship between l3c fractionation and bicarbonate 
(Figure 4.3.16) is st.atistically random. This result suggests that at 
least three fluid components may be involved in mixing to develop the 
indicated 13c distribution. · In such mixing, unique delineation of the 
mixing relationships and the ages or isolation times of the specific 
groundwater components involved is most likely impossible (Lambert, 1987a). 

The relation between percent modern carbon (PMC) and 13c fractionation for 
the samples on which adequate data are presently available is shown in 
Figure 4. 3.17. The sampled fluids fall into two relatively distinct 
groups: a) a small group containing samples with less than approximately 
10 PMC; and b) a larger group with from 10 to greater than 90 PKC. Data 
from H-5c and Engle could be included with the low-PMC group shown in 
Figure 4.53, though, as noted by Lambert (1987a), the statistical correla
tions within both data groupings are stronger if the four low-PMC samples 
(H-4b, H-6c, H-·9b, and Pocket) are considered as a separate group. Of the 

, four low-PMC samples, all but that from the Pocket well are for fluids from 
the Culebra dolomite; the Pocket sample is from the Dewey Lake Red Beds. 

The definition of two distinct data groupings (Figure 4.3 .17) leads to 
identification of three carbon-isotopic compositional components apparently 
involved in mixing within Rustler, Dewey Lake, and Rustler/Salado fluids. 
These are: 

l. Dissolved carbon from Permian marine carbonates. Because the 
Permian carbonates are more than 200 million years old, this carbon is 
no longer measureably radioactive. 

2" .C02 derived from modern organic materials injected in variable 
amounts into the sampled holes during drilling and/or casing 
activities. Lambert (1987a) found it pointless to attempt dating of 
almost: all of these contaminated samples, as discussed below. 

3. C02 derived from Pleistocene and older organics during recharge. 
The location of this recharge cannot be specified on the basis of these 
studies. Because of the possible contamination of all these samples by 
small amounts of C02 from the modern reservoir, calculated PMC values 
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four low-PMC samples shown in Figure 4.3.17 must be upper 
Conversely, calculated ages or residence times for the fluids 

lower limits. 

Lambert (l987a) applied several different numerical models to the analyzed 
groundwaters. The results, summarized in Table 4.15, indicate calculated 
isolation times of the sampled waters from any significant component of 
atmospherically derived carbon. The ages do not indicate that the fluids 
have been in their present location for the indicated time, simply that 
they have been isolated from a near-surface environment for approximately 
the time indicated. For the samples on which application of the models of 
Tamers (1975), Pearson and Swarzenki (1974), Kook (1976), and Evans et al. 
(1979) were generally successful, i.e., the four low-PKC samples (H-4 
Culebra, H-6 Culebra, H-9 Culebra, and Pocket Dewey Lake), the results 
indicate isolation times of be~een 10,600 and 25,700 years, depending on 
both sample and model used. The different models used vary in the 
correction mechanisms assumed to effect fluid interaction with the rock. 
Lambert ( 1988) no us that it is not possible to reliably separate the 
effects of natural isotope evolution from effects of contamination for any 
data lying off the two-component mixing lines in Figure 4.3.17, i.e., 
within the three-component. mixing triangle. 

Because of the method it uses in correcting for equilibration be~een 
groundwater and carbonates, and because it involves only a limited number 
of empirically-derived inputs, Lambert {1987a) concludes that the model of 
Evans et al. {1979) is the available model most applicable in the YIPP 
environment. One conclusior. arising from the presence of Permian marine 
carbonates in the Rustler and use of the model of Evans et al. (1979) is 
that any groundwater sample with greater then SO PMC must either be con· 
taminated, or must be assumed to have had very limited exposure to the 
carbonates present. Application of the model of Evans et al. (1979) to the 
entire data set results in; a) calculated isolation times of 12,100 to 
16,100 years for the four low-PMC samples identified in Figure 4.3.17; and 
b) physically impossible negative model ages for all samples on and near 
the trend including modern organics in Figure 4.3.17, with the exception of 
samples from H-Sc (Culebra) and Engle (Culebra). These two samples yield 
model ages of 714 and 2,410 years, respectively, but lie within the three
component mixing triangle shown in Figure 4.3.17. 

Based on radiocarbon studies, Lambert (1987a) concludes that: 

1 . The four interpretable radiocarbon ages on Rustler and Dewey Lake 
fluids, i.e., those calculated on minimally contaminated samples using 
the model of Evans et al. (1979), indicate that some Culebra and Dewey 
Lake fluids present in the viciniey of the YIPP site were isolated from 
atmospheric radiocarbon at least 12,000 to 16,000 years ago . The 
relatively tight cluster of ages may suggest some type of recharge 
episode, rather than a gradient resulting from continuous recharge. 

2. Because of there being no consistent directional age gradient in 
calculated ages in such old groundwaters, the radiocarbon technique 
provides no information concerning directions or rates of fluid flow 
within either the Rustler Formation or the Dewey Lake Red Beds in 
applications to date on YIPP groundwaters. 
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Table 4.15: Results of application of different interpretative models eo 
available radiocarbon analyses, including corrections 
involving dolomite . Pare of Table 4 of Lambert (1987a). 

Tamers Pearson and Kook Evans ee al. 
Locality PMC 6l3c (1975) Swarzenki (1974) (1976) (1979) 

H-4 4.82 -6.7 19300 17300 12000 16100 

H-6 9.7 -8.4 13600 12600 10600 12100 

H-9 2.22 -2.4 25700 20200 indet. 14900 

Pocket 3.67 -3.8 21600 17400 indet. 14000 

3. To date, most radiocarbon measurements on Rustler fluids collected 
in hydrologic drillholes are invalidated by unknown amounts and types 
of organic contamination occurring during and after drilling. Most 
fluids have a carbon-isotopic signature apparently reflecting nonre
solvable three-component mixing among inorganic carbon, organic carbon 
from a past period of surficial recharge, and modern organic contamina
tion introduced during dr1lling. All samples collected may be contami
nated at some level; therefore, most calculated groundwater ages are 
lower limits. 

4. Application of several models eo calculate radiocarbon ages indi
cates that the best useable model is that of Evans et al. (1979), which 
accounts for both congruent dissolution of carbonates and possible con
tinuing exhange of radiocarbon between the diluted groundwater solution 
and the surrounding country rock. 

Yhile the radiocarbon studies described by Lambert (1987a; 1988) were 
partially successful and indicate lower-limit isolation times for sampled 
fluids at four specific locations, extrapolation of the results muse be 
done carefully. The results do not: a) mean that the sampled fluids have 
been in residence at the sampling sites for the indicated lengths of time; 
b) provide any information about where major recharge occurred when it did 
take place: or c) rule out small but indeterminate amounts of modern 
vertical r_f!charge to the Rustler and Dewey Lake at the VIPP site. The 
available radiocarbon data can be interpreted consistently to mean that 
"steady-state• recharge of the Rustler and Dewey Lake is an actively 
ongoing process only at locations removed from the VIPP site, and that flow 
times from the point(s) of recharge to the sample localities are at lease 
12,000 to 16,000 years. However, the results mean that surficial recharge 
at the YIPP site, if significant at some time in the past, effectively 
stopped at the sampled localities at least 12,000 eo 16,000 years ago. Two 
of the sampling localities, H-4 and H-6 lie close to and on nearly opposite 
sides of YIPP Zone 3. 
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Lambert (1987a) also concludes that measured 36cl and tritium contents on 
minimally contaminated Rustler fluids at and near the WlPP site cannot be 
discriminated from background values. Beeauu of the high chlorine 
background in fluids that have been in contact wi~h halite present in the 
Rustler and/or in surficial deposits in southeast New Mexico, no measurable 
36cl was detected. No tritium content greater than 0.2 tritium units (TU) 
was found in any fluid that was demonstrably minimally contaminated, in 
contrast to a reasonable "background" level of 3 - 7 TU. The highest 
measured tritium content in Culebra water is 6.9 TU from YIPP-27 (Lambert, 
l987a). However (Section 4.3.1.1) the Culebra at WlPP-27 is interpreted to 
be contaminated by potash-refining operations, on the ground of major
solute chemistry. Therefore, Lambert (1987a) concludes that there is no 
advantage in pursuing either technique further in the Rustler Formation at 
the WlPP site . 

4.3.4 Uraniym-Diseguilibriym Stydies in tbe Culebra Dolomite 

The radiocarbon studies sWII!Iarized in Section 4. 3. 3 indicate that the 
recharge age of groundwaters presently in the Culebra dolomite and part of 
the Dewey Lake Red Beds at and near the WlPP site is at least 12,000 to 
16,000 years. Yhile these resules indicate that, independent of flow path, 
travel times from recharge to their present location are long, they 
indicate nothing about the flow directions or distances involved. The 
uranium-disequilibrium technique 4iscussed in this section addresses some 
questions which cannot be addressed by radiocarbon or stable-isotope 
techniques, such as apparent directions of fluid flow. The basic 
principles of the uranium-disequilibrium method are discussed in both 
Lambert and Carter (1984) and Lambert and Carter (1987). 

Interpretation. of uranium-disequilibrium data can only be as reliable as 
the number and quality of the samples from which the data are derived, and 
are also limited by the applicability of the principles involved in the 
interpretations. There are two specific constraints to interpretation of 
uranium-disequilibrium data at and near the WlPP site. First, data east of 
Nash Draw are extremely limited in number, since values are known at only 
four locations, H-4, H-5, H-6, and YIPP-30. As a result, there is 
considerable uncertainty in both contouring of results and inferr.ed flow 
directions east of Nash Draw. Second, as noted by Lambert and Carter 
(1987), there is no known trace component of Rustler fluids which reliably 
indicates whether or not any sampled groundwater is representative with 
respect to either total uranium content or uranium-disequilibrium "activity 
ratio• (A.R.). The activity ratio considered here is in terms of relative 
decay rates of the 234u and 238u isotopes, not the ratio of chemical 
activities. Two measurement trends have been noted which help evaluate the 
extent of approach to steady-state fluid composition during serial sampling 
and/or indicate the direction from which the sampled fluid may approach or 
bound a representative state for groundwater at the sampling locality. 
Uranium is a trace contaminant, at concentrations greater than normal for 
evaporitic rocks, · in drilling and sampling apparatus, especially casing. 
Therefore, total uranium in the sampled fluid generally decreases with 
increasing pumping rate and/or total pumping time (Lambert and Carter, 
1984), as the amount of contamination is reduced. Measured total uranium 
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contents in Culebra waters should represent upper bounds. The measured 
234u;238u activi~ ratio in sampled fluids generally increases with total 
pumping volume and rate; i.e., with decreasing contamination fro~ t~e 
casing and/or sampling apparatus (Lambert and Carter, 1984). Thl.S lS 

presumably because the contamination present in sampling apparatus and 
casing has an Activi~ Ratio (A.R.) very near 1.0. Any measured A.R . in a 
sampled fluid should thus represent lower bounds. 

As noted in Lambert and Carter (1987), interpretation of uranium
disequilibrium studies involves additional assWRptions. During recharge, 
an initial A.R. equal to or not much greater than 1.0 (generally 1 • 3) is 
assumed to be fixed at the edge of the oxidation zone. There are several 
generalized sequences of behavior that · can follow infiltration. The 
conceptual and numerical model used is essentially that of Osmond and 
Cowart (1976). The variability can be simplified by considering the 
relationship between A.R. and total uranium in the analyzed fluid. Under 
reducing conditions, the total uranium content of the fluids remains low, 
and the A.R. normally increases along the direction of fluid flow. This 
increase is a result of the preferential leachabili~ of the· 234l'h 
resulting from the alpha decay of 238u within the country rock, relative to 
the leachability of 238u (Lambert and Carter, 1984; 1987) . Thus, the 
combination of 1~ total uranium con~nt and elevated A.R. is interpreted 
to reflect flow along a flow path under relatively reducing conditions or 
locally• "stagnant• flow conditions, both occurring on a time scale for 
which the technique is applicable, approximately 2, 000,000 years (Lambert 
and Carter, 1984). In contras~. a measured groundwater A.R. near 1.0 is 
taken to indicate one of three things: 1) approach to •ecular _equilibrium 
after a lengthy period of radioactive decay; 2) sampling of fluids soon 
after recharge; and/or 3) possible •swamping• of a higher A.R. by 
dissolution of rock uranium having an A.R. very near l. 0. A strong 
correlation of increasing total uranium content' of sampled fluids with 
decreasing fluid A.R. along an inferred flow path favors the third 
interpretation. This can only occur under relatively oxidizing conditions 
under which the congruent solubility of uranium is enhanced. · 

The available data for the 234u;238u A.R. s in Culebra fluids at and near 
the YIPP site are s\lllllllarized in Figure 4.3.18. The figure shows a general 
eastward or southeastward increase in A.R. s east of Nash Draw. Contour 
lines shown in Figure 4.3.18 are based on the assumption that variations in 
A. R. are approximately linear between data points. From the resulting 
contours, it was inferred by Lambert and Carter (1987) that the most likely 
region of recharge for Culebra groundwaters is in or near the upturned edge 
of the Rustler units within Nash Draw. This interpretation reflects a 
major easterly or southeasterly component of flow from a recharge region 
within Nash ~raw, assuming that high A. R. s such as measured in the 'WIPP 
site area at H-4, 'WIPP-30, and H-5 are generated by downgradient flow under 
relatively reducing conditions. 

The flow directions implied by the contouring in Figure 4. 3 .18 are not 
unique, because of both the limited data east of Nash Draw and uncertain 
relationships between flow directions and directions in which A.R.s 
increase. All that is certain is that, unless no reaction is taking place, 
fluid flow must be at some angle to the lines of constant A.R., but need 
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not be perpendicular to these lines. By analogy, groundwater flow in a 
fractured or anisotropic medium need not be perpendicular to potentiometric .~ 
contours. If fluid flow is assumed to be perpendicular to the A. R. 
contours in Figure 4. 3. 18, flow is required to have taken place from 
regions of (present) high permeability in Nash Draw towards regions of 
{present) low permeability"east of Nash Draw, such as the vicinity of H-5. 

In addition, there is considerable freedom in the contouring of A.R. values 
themselves. An indication of this is shown in Figure 4. 3 .19. In the 
interpretation shown in Figure 4. 3.19, the assumption of roughly linear 
variation in A.R. beeween data points is relaxed, and contours are rotated 
into a more north-south position. Under this · interpretation, since the 
flow direction must be inclined to A.R. contours, the present A.R. 
distribution would be consistent with flow towards the south or southeast 
following recharge, i.e. , at a lower angle to both the axis of Nash Draw 
and the very loose regional zonation of permeability within the Culebra 
{Section 4 .1) than implied in ·Figure 4. 3.18. However, flow towards the 
axis of Nash Draw is not consistent with the data. 

Yhile the uranium-disequilibrium method is not always capable of 
identifying the recharge area, it is capable, unlike radiocarbon applied to 
Rustler groundwaters, of estimating flow directions following recharge. 
The higher-permeability areas within the Rustler Formation in Nash Draw 
seem a more likely paleorecharge area than either the surface of the YIPP 
site area or the low-permeability areas east of YIPP-30. Therefore, flow 
within the Culebra following recharge probably had at least some easterly 
component. 

Regardless of the estimated fluid-flow directions following recharge, the • 
flow times estimated for the buildup to measured A.R.s east of Nash Draw 
depend on both the measured or assumed original uranium content of the host 
rock and the measured or assumed total uranium content of the groundwater 
fluid immediately after recharge. This buildup is a result of a combina-
tion of differential leachability of 234Th and 238u under reducing condi-
tions and radioactive decay. In general, estimated flow times towards a 
measured high A.R. are inversely proportional to the initial uranium 
content of the groundwater and proportional to the estimated uranium 
content of the co~try rock. For example, Lambert and Carter (1987) found 
it impossible to generate calculated A.R.s greater- than 3.4 using the mean 
present-day U concentration in Culebra core (0.9 x 10·6 g/1) and the lowest 
measured U concentration in Culebra fluid ( 0 .134 x 10- g/ g) as input. 
They interpret this inability to indicate that: (a) the present uranium 
concentration of the available Culebra core samples is probably not 
representative of the rock controlling A.R. buildup; and (b) the lowest 
measuredpranium concentration in the fluid phase has been increased by at 
least some congruent dissolution. 

Lambert and Carter (1987) estimated flow times to H- 5, assUIIIing that the 
original U content of Culebra fluids was the same as the lower value 
measured in fluid from the Rustler/Salado contact in hole YIPP-30 (0.024 x 
lo-9 g/g). Calculated travel times are approximately 550,000 and 30,000 
years, for an assumed low-uranium and high-uranium Culebra matrix, 
respectively. The low-uranium 11atrix was taken as the average value 
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measured on core (0. 9 x 10·6 g/g), and the high-uranium matrix (9. 0 x 
10·6 g/g) was assumed. The assumed value is similar to that measured in a 
silty zone found within a Permian limestone in Carlsbad Caverns. In the 
YIPP site area, local high U contents within Culebra are supported by a 
known (but uncored) occurrence of a silty zone in hole P-15, indicated by 
geophysical logging to be rich in (uranium+ thorium+ potassium). A final 
A.R.-evolution path, assuming the initial uranium content in the fluid was 
the same as that measured in Carlsbad rain, 0. 01 x 10· 9 g/g, yields 
estimated flow times to H-5 of 140,000 and 12,000 years, respectively for 
the low-uranium and high-uranium Culebra matrices. 

Thus, the minimum estimated times required for ingrowth of 234u to give the 
measured high A.R.s at H-5, assuming a uranium-rich Culebra matrix, are 
qualitatively consistent with the estimated minimum recharge ages based on 
radiocarbon studies reported in Lambert (1987a). Analyzed Culebra core has 
a lower uranium content than assumed in these calculations. Therefore, 
flow times from the position of recharge to H-5 were almost certainly much 
greater. The measured A.R. of greater than 11.0 at H-5 is inconsistent 
with any significant modetn recharge in this area. A minimum flow time of 
at least several thousand years is required under reducing conditions to 
generate such an A.R., regardless of assumptions concerning initial fluid 
and rock-matrix properties, location of recharge, and directions of fluid 
flow. 

The ingrowth of A. R. s cannot b~ cons ide red independently of the total 
dissolved uranium in the fluid phase. Figure 4.3.20 indicates a westerly 
or northwesterly increase in the amount of uranium in Culebra waters, from 
the YIPP site towards Nash Draw. Although there is uncertainty in the 
contouring of total uranium contents, the general direction of increase 
correlates with a general decrease in A.R. in a similar direction (Figure 
4.3.18 or 4.3.19). 

It is difficult to explain how any easterly flow of oxidized fluids 
involved in significant evaporite dissolution could maintain both high 
A.R.s and low total uranium contents measured east of Nash Draw, as would 
be required by any interpretation involving steady.:state flow directions 
consis~ent with A.R. contouring in either Figure 4.3.18 or 4.3.19. During 
such flow, uranium would have to be precipitated within the Culebra 
dolomite. No evidence for elevated uranium concentrations has been found 
within the Culebra, except in hole P-15; the P-15 occurrence may in fact be 
a detrital accumulation. Measured uranium contents of bulk Culebra core 
are too low to account for the measured A.R.s. 

A logical explanation of the combination of measured A. R. s and total 
uranium contents of Culebra groundwaters at and near the W!PP site involves 
a change of'flow directions, after development or ingrowth of the elevated 
A.R.s measured east of Nash Draw (Lambert and Carter, 1987). In this 
interpretation, an early flow system with at least some component of 
easterly flow under reducing conditions, would later be changed, resulting 
in some component of westerly flow. The magnitude of the required change 
in flow directions within the Culebra is not well defined at present. 
Combination of the contours in Figure 4.3.19 and 4.3.20 requires something 
like a 60-degree change, assuming recharge occurred in the northern part of 
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Nash Draw. Combination of the contours in Figure 4 . 3.18 and Figure 4.3.20, 
assuming recharge within the main part of Nash Draw, implies a more marked 
"reversal• of flow directions. 

Because of the general westward increase in total uranium in the Culebra 
groundwaters, the process resulting in a change in flow directions within 
the Culebra must include a general westward increase in oxidation 
potential, with resulting increase in uranium solubility. The mechanism 
for such an increase in oxidation potential, while not well · defined at 
present, would presumably be related to the continuing exhumation of the 
Rustler Formation within Nash Draw (Lambert and Carter, 1987). Consistent 
with this interpretation, the redox measurements discussed in Section 
4. 3 .1.4 generally indicate more oxidizing conditions within the Culebra 
south of the YIPP site and .within at ·least part of Nash Draw than at the 
YIPP site. 

Regardless of the detailed interpretation of transient flow directions 
within the Culebra, the uranium-disequilibrium studies of Lambert and 
Carter (1987) place strong constraints on some aspects of Culebra hydrology 
at and near the YIPP. These include the three constraints that: 

1. Culebra fluid residence times at or flow times to sampling 
localities east of Nash Draw (H-4, H-5, H-6, and YIPP-30) are at least 
several thousand years. The shortest calculated residence or flow 
times are consistent with minimuD groundwater isolation times estimated 
in radiocarbon stUdies (Section 4.3.3). 

2. Regardless of the high Culebra head potentials in the area (Figure 
4.1.23), no signi'ficant recharge is occurring in the vicinity of H-5. 
This conclusion is indicated by the high A.R. and low total fluid 
uranium in this area . 

3. A significant amount of evaporite dissolution, under relatively 
oxidizing conditions appears to have taken place in and near Nash Draw, 
as indicated by the relatively high dissolved uranium contents in this 
area . 

4.4 Recent Studies Addressinc Near-Surface' Geoloa and Hydrology at and 
near the Y!PP Si;e 

Considerable emphasis since 1983 has been given to evaluation of near
surface processes at the YIPP site. The primary objective of this effort 
has been evaluation of the potential for evaporite dissolution within the 
Rustler .lormation. Regardless of conclusions concerning evaporite 
dissolution within the Rustler, studies of near-surface processes and 
stratigraphy at the YIPP demonstrate the transient nature of the climate 
and near-surface hydrologic setting in southeastern New Mexico. Section 
4. 4.1 SWIIIII&rizes recent studies of the near-surface stratigraphy and 
general geologic and hydrologic setting of southeastern New Mexico. 
Section 4. 4 . 2 briefly SWIIIII&rizes recent studies concerning the extent of 
rock/water interactions and evaporite dissolution within the Rustler 
Formation. 
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4.4.1 Recent Studies of Near-Surface Stradgraphy at and near the YIPP 
lin 

Recent studies of the near-surface stratigraphy at and near the YIPP site 
summarized in Bachman (1985) were conducted as part of the evaluation of 
possible near-surface evaporite dissolution. The present distribution of 
the Gatuna Formation at and near the YIPP site is shown in Figure 4.4.1. 
An ash bed relatively high in the Gat~ is be~een 500,000 and 600,000 
years in age (Bachman, 1980). Since the Gatuna is overlain by the 
Mescalero caliche, which began to form approximately 500,000 years ago 
(Bachman, 1980), Bachman (1985) concludes that the Gatuna is ". . at 
least as old as Middle Pleistocene and may contain some much older 
deposits. • Yhile preparing the isopachs shown in Figure 4. 4. 1, Bachman 
determined that the Gatuna along Livingston Ridge, on the east side of Nash 
Draw (Figure 1.1), contains cross-bedded channel deposits and conglomerates 
deposited by westward-flowing streams. The Bachman (1985) interpretation 
of the probable courses of stream£ at and near the YIPP site during Gatuna 
time is shown in Figure 4.4.2. Areas near the YIPP site presently overlain 
by Gatuna gravels were occupied approximately 600,000 years ago by 
moderate-energy stream channels. Based on comparison of the isopach maps 
for the Gatuna (Figure 4.4.1), Triassic rocks (Figure 4.4.3), and the Dewey 
Lake .Red Beds (Figure 4.4.4), Bachman (1985) concludes that the Gatuna 
stream£ flowed across and eroded both Triassic and Dewey Lake Red Beds 
strata. In contrast, the present cliaate and surface-hydrologic setting at 
the YIPP site does not support any moderate-energy streams. 

The Mescalero caliche, which overlies the Gatuna, is interpreted by Bachman 
(1985) as reflecting a slow process of soil formation on a stable 
geomorphic surface. The caliche is well-developed, and, in locations where 
the •. . laainar horizon and the dense plugged horizons within the 
caliche are at the surface,• contributes to • ... rapid runoff and even to 
flooding during periods of heavy rainfall• (Bachman, 1985). Radiometric: 
measuremenu indicate that the basal and upper portions of the Mescalero 
caliche began to form approximately 510,000 and 410,000 years ago, 
respectively (kc:hman, 1980). The Mescalero surface on which the Mescalero 
caliche formed, encompasses the Livingston Ridge surface at and near the 
YIPP site (Figure 1.1). The widespread occurrence of the Mescalero caliche 
indicates relative structural stability of the Livingston Ridge surface 
over at least the last 400,000 years. 

The Berino soil, a locally distributed paleosol up to approximately 1 m 
thick, is interpreted by Bachman (1985) as a remnant soil sequence that 
originally included the older Mescalero caliche. Local survival of the 
Berino, which began to form approximately 350,000 years ago, is interpreted 

. to,require • ... a long period of tectonic and geomorphic stability within 
a limited climatic: regime" (Bachman, 1985). 

There is widespread evidence that the hydrologic setting of the vicinity of 
the YIPP site has changed at least once over the last 600,000 years. The 
Gatuna Formation, incl\lding moderate-energy stream gravels and conglomer
ates, was deposited at least 600,000 years ago in a setting which included 
actively eroding streams. Since approximately 350,000 years ago, the 
Livingston Ridge surface developed on the Mescalero caliche has remained 
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relatively stable; i.e., stable enough for local survival of the thin, 
350, 000-year-old P.erino soil. The time scale of the climatic chan~e 
between the Gatuna and Mescalero, however, is more than an order of magnl
tude greater than most groundwater residence, flow, and/or recharge times 
discussed in Section 4.3. 

There is, however, evidence of local surface-water activity near the ~IPP 
site, ending some 25,000 years ago (P.achman, 1980; 1985). This evidence 
consists of gypsite (calcium sulfate) spring deposits along the east side 
of Nash Draw. The fact that these springs are no longer active is 
interpreud by P.achman (1985) to indicate that •. . the groundwater 
regime originally responsible for dissolving undergr~und beds of gypsum and 
depositing spring deposits is no longer active.• P.achman (1985) interprets 
the spring activity as • ... part of a paleokarst system resulting from a 
much different [wetter] climatic regime• than the present regime in 
southeastern New Mexico. 

There is limited evidence of regional climatic variability in southeastern 
New Mexico on approximately the same time scale as the gypsite springs in 
Nash Draw. As noted by Lambert (1987a), • ... additional evidence for (a] 
wetter local climate is given by VanDevender (1980). From studying paekrat 
middens in Rocky Arroyo, northwest of Carlsbad, New Mexico (about 35 miles 
northwest of the [present] study area . . . he determined that a juniper
oak eoJDmunity was present in the early Holocene (10, 500 to 10,000 
radiocarbon years ago), where now desert scrub co~~DUnities exist. • The 
presence of these middens is taken by Lambert and Harvey (1987) to indicate 
that " ... in the immediate vicinity of the Delaware ftasin, a wetter eli
mate prevailed more than 10,,00 years ago; the present desert scrub-plant 
communities have been stable in the last 4,000 years.• Unfortunately, the 
data presented by VanDevender (1980) provide no information concerning 
variations in the climate in the area between approxi.Jiately 10,000 and 
4,000 years ago. 

There is strong evidence for both climatic and hydrologic changes having 
occurred since at least 600,000 years ago in the vicinity of the ~IPP site, 
and limited evidence for a •wetter• climate than present approximately 
10,000 years ago. Unfortunately, there are broad time gaps in the regional 
information that is available. For example, no deposits are known at or 
near the YIPP site that are intermediate in age between the P.erino soil and 
the gypsite springs in Nash Draw (Lambert, 1988). 

The stratigraphie and paleoclimatic studies discussed in this section are 
not alone in indicating a transient hydrologic setting for the YIPP site 
and vicinity. Fluid-density and flow-time relations discussed in Sections 
4.1.3.1 and 4.1.3.2, as well as hydrochemical facies discussed in Section 
4.3.1 are all inconsistent with steady-state confined flow. The isotopic 
studies discussed in Sections 4.3.2, 4.3.3, and 4.3.4 indicate a transient 
hydrologic setting for the Rustler. The time seale of transience is 
generally consistent to within less than an order of magnitude with the 
time scale of the climatic change indicated by the gypsite springs in Nash 
Draw (Sachman, 1980; 1985) and the packrat-midden studies of Van Devender 
(1980). 
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4.4.2 Recent Studies of Evapori;e Dissolution and/or Vertical Fluid 
Movement within ;he &us;ler and Younger Formations 

4. 4. 2.1 General Geologic Studies- -As mentioned above, the Mescalero 
caliche is relatively continuous at and near the YIPP site. Yhere 
continuous, it plays a major role in limiting modern infiltration of 
precipitation. As noted by Bachman (1973), however, the unit is not 
completely continuous, since it is locally pierced by conical structures, 
roughly 1 m or less in diameter, resulting from localized caliche 
dissolution by humic acid released by plant roots. The structures 
generally do not completely penetrate the caliche (Bachman, 1973). Yhere 
these structures do completely penetrate, ·local infiltration through the 
Mescalero caliche may occur, at least to the depth of plant roots. The 
widespread presence of the Mescalero caliche on the Livingston Ridge 
surface must be taken to indicate structural stability of the surface, not 
to indicate the impossibility of localized infiltration. The widespread 
preservation of the caliche does indicate that not enough infiltration on a 
regional scale has taken place since its formation to result in its 
wholesale dissolu~ion. 

As discussed in Section 4.1.1 and 4.1.3, the measured head relations and 
relative transmissivities of members of the Rustler indicate only limited 
vertical fluid flow within the Rustler Formation. Yhile there is limited 
vertical movement, stratabound or confined flow within the Culebra dolomite 
dominates the hydrology of the Rustler Formation at and near the YIPP site. 
If, however, vertical flow were to extend from the surface to the Rustler, 
through both the Mescalero caliche and the Dewey Lake Red Beds, the 
hydrologic setting of the R~tler Formation at and near the YIPP site might 
be "karstic." In such a system, vertical fluid movement both from the 
surface to the Rustler and within the Rustler might result in formation of 
solution channels or cavities. If karstic hydrology dominated within the 
Rustler at and near the iliPP site, transport rates to the accessible 
environment would be significantly increased (e.g., Chaturvedi and 
Channell, 1985). The presence of karstic cavities within the Rustler at 
the YIPP site has been proposed by Barrows et al. (1983) to explain 
apparent gravity patterns in the vicinity of holes YIPP-14 and YIPP-34 
(Figure 4.4.1). Two additional structures have been interpreted by some to 
indicate the extension of the evaporite-karst behavior within Nash Draw 
over the iliPP site itself (see Neill et al., 1983). The first, a 
depression and related breach of the Mescalero caliche at hole YIPP-33, is 
interpreted (e. g., Bachman, 1985) as having originated by downward 
infiltration from the surface to sulfatic portions of the Forty-niner and 
Tamarisk Members of the Rustler immediately above and below the Magenta 
dolomite. The second is a relatively large but shallow depression in the 
SYlf.4, SYl/4, Sec.29, T22S, R31E (see Figure 3.2 for general location), 
examined directly by Bachman. Bachman (1985) concludes that this structure 
is a result of wind erosion. 

One approach used in arguing in favor of karstic hydrology in the Rustler 
at and near the YIPP (e.g., Barrows, 1982) is based on the assumption of an 
idealized water budget or water balance, independent of the presence or 
absence of specific structures indicating infiltration of surface recharge . 
to the required depths. In such an approach, values of variables such as 
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infileraeion, precipieation, and evapoeranspiration are assumed to be known 
with high precision and accuracy . Any excess of estimated precipitadon 
over estimated evapotranspiration is then attributed to vertical recharge • 
from ehe surface eo the Rustler, i.e., eo karstic hydrology . As shown by 
Hunter (1985), however, the uncertainties in precipitation, infileration, 
evapotranspiration and Rustler-discharge data at and near the YIPP site are 
so large that water-budget techniques cannot be used either to determine 
the amount of recharge or to determine that recharge is occurring. The 
detailed water budget described by Hunter (1985) is, in fact, not 
inconsistent with the conclusion (Seceions 4.3.2, 4.3.3, 4.3.4) that no 
recharge is now occurring at and near the YIPP siee. The evaluation of the 
potential for karst hydrology within the Rustle~ at and near the YIPP site 
must be by means of hydrologic and geochemical studies (see Sections 4.1, 
4. 3, and 4. 4. 2) , rather than by an idealized water budget . The recent 
hydrologic and isoeopic seudies discussed in Sections 4.1, 4.3, and 4.4.2 
place serious conseraints on the plausibility of karstic recharge presently 
being active at the YIPP site. 

If surface waters are tp infiltrate to the level of the Rustler Formation, 
they must penetrate the Dewey Lake, after having penetrated both surficial 
sands and the Mescalero caliche. The presence of local structures 
penetrating the Mescalero indicates that localized infileration is 
possible, although these seructures generally do not completely penetrate 
the caliche and contain secondary laminar deposits resulting from 
infilling. Extensive studies of local surface depressions at and near the 
YIPP site led Bachman (1985) to conclude that: 

1. Breaches of the Mescalero significantly larger than those 
represented by the structures resuleing from dissolution by humic acid 
are required for more than extremely localized infiltration, i.e., for 
development of karstic structures or hydrology in underlying units. 
The Mescalero caliche continues underneath the depression in the SYl/4, 
SWl/4, Sec.29, T22S, R31E examined at the specific request of the New 
Mexico Environmental Evaluation Group (Neill et al., 1983). Therefore, 
Bachman (1985) concludes that the depression is a surface structure 
resulting from wind erosion. 

2. The relatively large breach of the Mescalero beneath the surficial 
depression examined by drilling of hole YIPP-33 (Figure 4.4.1) in 1979 
(Snyder and Mcintyre, 1981) is a result of infiltration, but is unique 
at and near the YIPP site. The vicinity of YIPP-33 is the only region 
near the YIPP site in which vertical infiltration from the surface to 
the Rustler and resulting development of karstic hydrology and 
structures in the Rustler is reasonable. 

Bachman (,1985) does suggest that the gypsite springs along the east side of 
Nash Draw are the result of removal of anhydrite/gypsum from wiehin ehe 
Rustler and development of a local flow system connecting YlPP-33 with the 
easeern side of Nash Draw. Either cavernous porosity or very soft clay
rich debris was encountered in Forty-niner and Tamarisk anhydrites directly 
above and below the Magenta dolomite in YIPP- 33, bue not in either ehe 
Magenta or Culebra dolomiees. The depth of burial of the Forty-niner 
anhydrite in YIPP-33 is approximaeely 120 m. 
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The apparent YIPP-33 structure within the Rustler is consistent with 
interpretations that: 

1. Rustler dolomites are nearly the last rock type to be significantly 
affected by evaporite dissolution (Snyder, 1985). 

2. Because of the relative mechanical weakness of gypsum, the 
maintenance of open karstic structures within gypsum is possible only 
at relatively shallow depths. Bachman (1987) examines the regional 
distribution and impact of the dissolution of anhydrite and gypsum at 
relatively shallow depths. Certainly, sulfate dissolution has taken 
and is taking place within the Rustler Formation in Nash Draw, as 
evidenced by the continuing formation of small caves and sinkholes in 
the gypsums/anhydrites of the Tamarisk and Forty·niner Members . 

3. The only Rustler carbonate from a water-bearing zone in the region 
to have recrystallized in response to input of meteoric water is ·at 
W!PP-33 (Lambert, 1988). 

There is no consensus concerning the amount of evaporite dissolution within 
the Rustler east of Nash Draw. Two schools of thought exist. One 
approach, most recently summarized by Snyder (1985) and Lowenstein (1987), 
basically assuaes an original laterally homogeneous halite distribution 
within the Rustler. By this assumption, lateral variability within the 
Rustler, especially the presence or absence of halite within the claystone 
portions of the unnamed lower aeaber, Tamarisk, and Forty·niner Members, is 
due to halite dhsolutio:1. A simplified representation of halite 
distribution within :he Rustler is shown in Figure 1.5. A representative 
cross section showing the variations in thicknesses and lithologies of 
individual members of the Rustler is shown in Figure 4.4.5. 

As shown in Figure 4.4.5, the progressive east-to-west decrease in halite 
in successively lower members of the Rustler is reflected largely in 
decreasing thickness of the affected member. The thickness of the Culebra 
and Magenta dolomites varies only slightly across the area of the WIPP 
site. In fact, as shown by changes in Rustler thickness beeween holes 
Wl~P-25 and BLK·l (Figure 4.4.6), advanced stages of evaporite dissolution 
within the llustler involve alteration/dissolution of anhydrite and gypsum 
rather than dolomites. The interpretations contained in Snyder (1985) and 
Lowenstein (1987) maximize both the total amount of halite originally 
present within the llustler Formation and the amount of later dissolution. 
The conclusion in the WIPP FEIS (1980) that evaporite dissolution within 
the llustler Formation was not of concern to the WIPP Project was based 
largely on extrapolation of vertical dissolution rates required to generate 
the depth of Nash Draw in the approximately 600,000 years since deposition 
of the Gatuna Formation (Bachman, 1974). 

In contrast, Holt and Powers (1984; 1987) conclude on the basis of 
sedimentological arguments and structures that many structures within the 
Rustler Formation interpreted by authors such as Snyder (1985) and 
Lowenstein (1987) as resulting from halite dissolution are a result of 
primary depositional variability. By this interpretation, the amount of 
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halite later removed from the Rustler by evaporite dissolution is reduced. 
Since extrapolation of the estimated rates of dissolution within Nash Draw 
(Bachman, 1974) indicate that there is no need for concern at the WIPP site • 
over the next 10,000 years, the differing interpretations do not directly 
affect the expected reliability of the W'IPP facility. However, as 
discussed in Beauheim (l987b), primary depositional variability within the 
Rustler weakens the present understanding of the correlation between halite 
distribution within the Rustler, fracturing, and the transmissivity of the 
Culebra dolomite. 

The conclusion that some of the gypsum observed within the Rustler is 
primary, rather than being due to alteration of preexisting anhydrite, is 
part: of the interpretation by Holt and Powers (1984; 1987). Thus, little 
movement of water outside the Culebra or Magenta members might be required 
to account for gypsum observed in the Forey-niner or Tamarisk Members. At 
the other extreme, the assumption t:hst infiltration from the surface to the 
Rustler is presently operative at: the WIPP site, i.e., that karstic 
hydrology is important in the Rustler Formation east of Nash Draw or WIPP-
33, requires that alteration within the Rustler and overlying formations 
involves surficial waters. At least localized flow through the anhydritic 
portions of the Forty-niner and Tamarisk Members is required by this 
assumption. Recent isotopic studies s'WIIII&rized by Lambert (1988) place 
constraints on the extent to which waters and hydrated minerals within the 
Rustler and Dewey Lake Red Beds reflect connate fluids, fluids resulting 
from stratabound movement, and fluids involved in vertical infiltration. 

4.4.2.2 Isotopic Stydies--Figure 4.4. 7 sUIIIII&rizes 87sr;86sr measurements • 
(Brookins and Lambert, 1988) on sulfates (anhydrites and gypsum) and car-
bonates from several evaporitic zones at the W'IPP, as well as the Dewey 
Lake Red Beds. The isotopic signatures of samples from both the Nash Draw 
gypsite springs and the Mescalero caliche (see Section 4.4.1) are inter-
preted to represent surficial components; i.e., high 87sr;86sr ratios 
resulting from surficial weathering. At the other extreme, the markedly 
different and internally homogeneous isotopic signature of the anhydri us 
from throughout the Castile and Salado Formations is interpreted to imply 
that there has been no distinguishable input of surficial components to 
these rocks. Anhydrites and gypsums from the unnamed lower member, 
Tamarisk, and Forty-niner indicate only a very limited input of surficial 
material, presumably by solute transport by either vertical or stratabound 
flow. 

The Magenta dolomite, which is significantly less permeable than the 
Culebra in most areas (see Section 4.1.1) is also more similar in 87sr;B6sr 
character to the surrounding anhydrites and gypsums than is the Culebra. 
This implies, consistent with conclusions reached in Sections 4.1 and 4.3, 
dominantly stratabound fluid flow within the Rustler, with the Culebra 
dolomite being predominant. If the apparent surficial component of the 
Culebra were a result of vertical infiltration, rather than stratabound 
flow of originally surficial waters, the infiltration would be expected to 
alter the overlyinfc portions of the Rustler. Instead, there is much less 
overlap between 8 sr;87sr ratios measured in the Magenta, Tamarisk, and 
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Forty-niner Members with those measured in the Dewey Lake Red Beds than 
between the ratios measured in the Culebra and in the Dewey Lake. 

Results contained in Figure 4.4.8 indicate further that the hydrologic 
system in the Dewey Lake Red Beds is significantly distinct from that of 
underlying units. Yieh the exception of the Dewey Lake Red Beds, this 
figure summarizes the 87srj86sr relationships between coexiseing mineral 
pairs in evaporitic hose rocks and in gypsum and/or calciee veins in the 
same unit. The queseion is wheeher these veins are locally derived or 
result from fluid movemene over relaeively long-distances. The maerix of 
ehe Dewey Lake Red Beds, however, is made up of silicic siltstones and 
sandstones. Therefore , carbonates and sulfates are rare in the matrix and 
analyses of Dewey Lake matrix materials are noe included in Figure 4 .4.8. 
The gypsum veins within the Dewey Lake probably cannot be locally derived. 
The strontium-isoeopic character of the Dewey Lake gypsum veins (Figure 
4 . 4. 8) spans ehe range from surficial values represented by caliche and 
spring deposits in Figure 4.4.7 to isotopic values from underlying units. 
Since effeceively none of the Dewey Lake veins can be locally derived, the 
range in eheir isoeopic characeer indicates varying degrees of mixing of 
surficial waters and waeers driven upward from the underlying evaporitic 
zones, consistene wieh modern head relaeionships discussed in Section 
4.1.1. 

Yiehout exception, the serontium-isotope characters of coexiseing mineral 
pairs from veins . and host rock in units beneath the Dewey Lake are 
staeistically identical eo each other (Figure 4.4.8), indicating ehat the 
isotopic character of the vein maeerial is conerolled by thae of the 
accompanying host rock, and noe by a pervasive hydrologic system 
ineerconnected with veins in ehe Dewey Lake. This is even erue for the one 
sample pair from the Culebra. These resules indicaee thae ehere is little 
or no input of surficial maeerial transporeed by groundwaeer below the 
Dewey Lake Red Beds, even into veins. All units below the Dewey Lake Red 
Beds cons ide red here are eva pori tic, i.e. , they coneain significant 
carbonates and/or sulfates in their matrix. Therefore, the local 
derivation of vein carbonaees or sulfates is internally consistent. 

Figures 4. 4. 9 and 4. 4.10 indicaee some constraints in rock-waeer raeios · 
during gypsum crystallization or recrystallization in the Rustler and Dewey 
Lake. The dashed lines in Figures 4.4 . 9 and 4.4.10 represene the ranges in 
deueerium/hydrogen characteristics of Rustler water and modern surface
meeeoric waeers identified by Lambere and Harvey (1987) and Lambert (1988). 
At a sufficiently high rock/water raeio, i.e. , when all of the available 
water is consumed in gypsum formation, for example during alteration of 
preexiseing anhydrite, the deuterium characteristics of the resulting 
gypsum water, of crystallization are constrained to be the same as that of 
the water added eo the system. Therefore, the dashed fields in Figures 
4. 4. 9 and 4. 4.10 also represent the expected isotopic character of 
secondary gypsums formed under conditions involving very high rock/water 
ratios (Lambere, 1988). At equilibrium with a large excess of water, the 
deueerium/hydrogen ratio in gypsum is approximately 20 parts per thousand 
less than that of the coexiseing water (Lambert, 1988). Therefore, the 
fields outlined by solid linea in Figures 4. 4. 9 and 4. 4.10 are decreased 
from ehe fields outlined by dashed lines by 20 per mil and represent the 

222 • 



• 

• 

0.706500 

Figure 4.4.8: 

• 

I I I 

00 0 f) 00 • 000 DEWEY LAKE VEINS 

RUSTLER (MAGENTA) 

g RUSTLER CCULEBRA) 

RUSTLER ANHYDRITE/GYPSUM 

CASTILE/SALADO ANHYDRITE 

I I IELL CANYON I 0 ...... 

0.707500 o. 708500 0. 709500 0.710500 

17Sr/11Sr 

87Sr/86sr in coexisting mineral pairs from veins and Ochoan 
host rocks at and near the \l!PP site. Squares are host 
rocks; diamonds are veins. Figure 18 of Lambert (1988) . 

223 



0------~,----~.----~.----.~---, 

-20 ~ -

~ -40 ~ OW1t -
~-----E>W14-----------· 

Figure 4.4.9: 

WM-4trre,W14-Cir 
OWM-Lwr 

----~W14------------· 
·60 ~ ow~., -

u----OAECI 

O~tr OM-Tem 

-10 
0 200 400 600 800 1000 

DEPTH (ft) 

Deuterium distribution of the waters of crystallization of 
gypsums from the Dewey Lake Red Beds (squares) and Rustler 
Formation (circles) at and near the YIPP site, as a 
function of variations in rock/water ratio involving only 
Rustler-type water, the range in deuterium content of which 
is taken from Figure 4. 3.10. Solid lines are for 
crystallization in the presence of a large amount of water, 
dashed lines for crystallization under conditions involving 
a very high rock/water ratio, in which all of the water is 
consumed in gyp_sum formation. Figure 19A of Lambert 
(1988). 

224 

• 

• 

• 



• 

• 

• 

• 

0 I I I I 

~----------------
·20 ~ -

=-----~.,.--------.:: 
., .. Cl . 

-

-10 
0 

0W1" 

OAECI 

I 

200 

.,.._...,s., ..... ., 
OWM-Lwr 

...... ,......, -
OWM-Ihg 

O~tr OAI-Tam 

l I I 
400 600 800 1000 

DEPTH (ft) 
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expected hydrogen-isotopic character of gypsums crystallized in the 
presence of excess amounts of Rustler-type and modern surface-meteoric 
waters, respectively. 

The relationships shown in Figure 4.4.9 are consistent with crystallization 
of all of the analyzed gypsums with varying amounts of Rustler-typ~ water, 
with the possible exception of vein material from the Dewey Lake 1n WIPP-
19. Formation of the Dewey Lake gypsum veins in WIPP-19 apparently 
required infiltration of waters with the same isotopic character as tho~e 
interpreted by Lambert and Harvey (1987) to represent modern meteon.c 
precipitation. The character of the gypsum from WIPP- 33 indicates 
crystallization in the presence of a large excess · of Rustler-type water, 
but is not consistent with crystallization in the presence of any amount of 
modern-type water (Figure 4.4.10). [If it is assumed that the Magenta 
dolomite is more porous (permeable) than surrounding zones within the 
Rustler at this location, the isotopic variations in the vein gypsums from 
hole WIPP-34 are consistent with gypsum crystallization under varying 
ratios of rock to Rustler-type water.] The isotopic relationships (Figure 
4.4. 9) are consistent widi crystallization of gypsWilS within the· unnamed 
lower and Forcy-niner members in response to vertical fluid flow upwards 
and downwards from the Magenta, assuming increasing effective rockjwater 
ratio with incr.easing distance from the Magenta. This interpretation is 
also consistent with modern Rustler head relationships shown in Figure 
4.1.3.• 

While results shown in Figure 4. 4. 9 are generally consistent with gypsum 
crystallization in equilibrium with varying amounts of Rustler-type waters, 
the results in Figure 4.4 .10 indicate that this need not be the case for 
all samples. In Figure 4.4.10, the dashed field represents expected gypsum 
compositions for crystallization using modern surface-meteoric water, at a 
very high rock/water ratio, the solid field crystallization in the presence 
of greatly excess water. The hydrogen-isotopic relations indicate that it 
is impossible to form the gypsum from the Forty-niner Member at WIPP-33 
witn modern surface-meteoric water. This conclusion is consistent with the 
interpreutions of Bachman (1980) that the gypsite springs in Nash Draw, 
which he believes to be the discharge for the WIPP-33 structure, are not 
presently active. The relations shown in Figure 4.4.10 also indicate that 
it is not possible to form the gypsum from the Magenta dolomite in WIPP-34 
with surface-meteoric waters. The internally consistent interpretation of 
vertical variations in rock/water ratios within the Rustler Formation in 
WIPP-34, evident in Figure 4.4.9, breaks down if surface-meteoric waters 
are assumed to be involved. 

The isotopic results summarized by Lambert (1988) indicate that there has 
been signifi.pant involvement of surficial waters in formation of gypsum 
veins within the Dewey Lake Red Beds. These same results indicate that the 
hydrologic behavior of the Dewey Lake is largely distinct from that of the 
underlying units and that there has been some upward movement of fluids 
into the Dewey Lake from the underlying Rustler Formation, consistent with 
the modern head relationships discussed in Section 4.1. Isotopic relations 
within secondary gypsums in the Rustler anc Dewey Lake are somewhat 
ambiguous. In many cases, a given gypsw;;. may have crystallized in 
equilibrium with either Rustler-type or modern surficial-meteoric waters, 
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depending on the rock/water ratio ehat is assumed to have been effective at 
the time of crystallization. The isotopic variability of gypsums from hole 
YIPP-34 is, however, best explained by local vertical movement of Rustler
type waters out of the Magenta dolomite, without the vertical karst channel 
sysum proposed for this locality by !arrows et al. (1983). It appears 
impossible to have crystallized secondary gypsum veins from the Dewey Lake 
at hole YIPP-19 without input of modern surface-meteoric waters. At YIPP-
33, where the best physical evidence exists for vertical fluid movement 
from the surface downwards to the Rustler at depth, the isotopic character 
of analyzed vein gypsum from the Forty-niner indicates that this movement 
and related gypsum crystallization does not involve modern surface-meteoric 
water, i.e., that the W!PP-33 structure is essentially no longer active . 
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5.0 SUMMARY OF WIPP SITE-CHARACTERIZATION ACTIVITIES, 1983 THROUGH 1987 

This seceion summarizes the present underseanding of major ~spects of WIPP ~ 
site characeerization, including some effort to place ehe WIPP facility in 
a regional hydrologic, seruceural, and geochemical prespective. A general 
conceptual model for the geologic behavior of the WIPP site and facility 
vicini ey is presented in Section 5 .1. Later sections describe more 
specific inclusions and briefly discuss remaining uncertainties or 
limitaeions. It must not be assumed eieber chat any uncertainty discussed 
is significant to performance of the WIPP facility, or that any given 
uncereainty could be significantly reduced by further work. It is 
uleimately ehe role of ehe YIPP performance·-assessment activity to 
determine which uncereainties are expected eo be significant in evaluation 
of the short-term and long-term performance of the WIPP facility. The 
effort here is eo provide as complete a conceptual model as possible for 
these decisions. 

5.1 General Conceptual Model for tbe Geolodc Behavior of the WIPP Site 
and Facility 

The overall geologic and hydrologic seeeing of the WIPP site area has been 
transient (not steady-state) since before ehe beginning of deposition of 
the Bell Canyon Formation, approximately 250 million years ago, and will 
continue to be transient long afeer effective closure of the WIPP facility. 
Some events, such as cryseallization of secondary minerals .within the 
Salado Formation approximately 200 million years ago and formation of the 
Mescalero caliche 400,000 to 500,000 years ago, have taken place on a very ~ 
long time scale relative to YIPP performance assessment, which must • 
consider only a 10,000-year time frame. Two types of transient response 
have occurred or are occurring at and near the WIPP site within the 10,000~ 
year time frame of regulatory interest. These are: a) the continuing 
natural response of epe geologic and hydrologic systems to the end of the 
last pluvial period (period of decreased temperatures and increased 
precipitation) in southeast New Mexico; and b) the continuing responses to 
hydrologic, geochemical, and structural eransients resulting from WIPP site 
characterization and facility construction. The transient responses 
induced by the presence of the WIPP underground workings will continue 
until reequilibration following effective seructural and hydrologic closure 
of the facility. 

The Bell Canyon Formation, consisting largely of shales, siltstones, and 
sandstones, coneains the first relatively continuous water-bearing zone 
beneath the YIPP facility. In some parts of the northern Delaware Basin, 
the unit. contains permeable channel sandstones that are targets for 
hydrocarbon exploration. Recent studies suggest that the upper Bell Canyon 
at the WIPP site does not contain any major channel sandstone. This 
decreases ehe probability of the Bell Canyon serving as a source of fluids 
for dissolution of overlying evaporites at the WIPP. These same studies 
indicate that the final direction of fluid flow following interconnection 
of the Bell Canyon, Salado, and Rustler Formations within a drillhole would 
be downward into the Bell Canyon, after accouneing for density increases in 
the fluids due to dissolution of halite within the Salado. It is assumed 
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here that the measured hydrologic characteristics of the Bell Canyon 
Formation are more significant to YIPP performance assessment than those of 
underlying units. The head distribution within the upper Bell Canyon near 
the YIPP site indicates flow towards the northeast. 

Both regional studies and studies within the YIPP facility indicate that 
the Castile and Salado Formations, both of which are made up predominantly 
of layered anhydrites and halites, should be considered as low-permeability 
uni t:s that deform regionally in response to gravity. In general, 
permeabilities and fluid-flow rates in both units are very low and 
insensitive to stratigraphy. Formation permeabilities in the Castile and 
Salado Formations remote from the lli!P excavations are generally 0.1 
microdarcy or less, and the regional water content of Salado halites is up 
to 2 weight percent. Exceptions include local brine occurrences in Castile 
anhydrites and gas occurrences in the Salado Formation, both of which are 
fracture-controlled, can be large in volume, and can be under pressures 
high enough to cause fluid flow to the surface. No major gas occurrence 
within the Salado Formation has been encountered at the YIPP site . In 
fact, where it has been possible to measure far-field brine press:.1res 
within the Salado, the pressures, permeabilities, and available brine 
volumes combine to indicate the potential for only very limited fluid flow 
upwards into the overlying Rustler Formation. It is not certain that the 
Castile and Salado Formations are hydrologically saturated regionally. 

Pressurized Castile brines have been encountered in Castile anhydrite in 
hole YIPP-12, approximately 1.5 km north of the center of the WIPP site. 
Geophysical studies indicate that Castile brines probably are present 
beneath a portion of the Y!PP waste-emplacement panels, consistent with 
earlier assumptions. These brines are stratigraphically 200 m or more 
below the YIPP faciliey horizon and are not of concern except in the case 
of human-intrusion breach of the facility. 

In the western part of the Delaware Basin, extensive halite dissolution has 
apparently taken place in both the Castile and Salado Formations. However, 
much of the variabiliey in structure and internal stratigraphic thicknesses 
within the Castile and Salado Formations results from deformation and 
original depositional variabiliey, rather than from evaporite dissolution. 
Regional or far-field deformation of the Castile and Salado ·Formations 
involves pressure solution as a major mechanism, due to the presence of 
intergranular fluids, but: occurs too slowly to be of future concern to the 
WIPP Project. Structures within hole DOE-2 result from deformation rather 
than dissolution. 

The hydrologic and structural characteristics of the Salado Formation in 
the disturbed zone generated by the presence of the WIPP facility are 
different than those in the far field. Formation permeability within a 
couple of meters of the underground workings at the facility horizon 
increases significantly. Near-field deformation of the Salado Formation 
involves both the opening of preexisting fractures in anhydrite benea~h the 
facility horizon (Marker Bed 139) and generation of new fractures in 
halite. Fluid contents in the disturbed zone at the facility horizon 
decrease in response to facility ventilation and/or deformation. Within a 
few meters of the underground workings, both hydrologic and structural 
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behavior of the Salado Formation become essentially those of the far field . 
Brine seepage into the VIPP facility includes a significant transient 
phase, which will probably last until effective facility closure. The 
results of preliminary hydrologic testing in the Salado Formation adjacent 
to the VIPP air-intake shaft indicate extremely low permeabilities, with no 
apparent stratigraphic variability. The results also indicate that 
development of a disturbed zone around the VIPP shafts is less extensive 
than at the facility horizon. The extent, characteristics, and importance 
of the disturbed-rock zones around the WIPP shafts and at the facility 
horizon remain to be determined in detail. 

Where not extensively altered, the Rustler Formation should be considered 
as a layered unit of anhydrites, siltstones, and halites, conta1.n1.ng an 
important and variably fractured carbonate unit, the Culebra dolomite . The 
Culebra dolomite is the first continuous water-bearing unit above the YIPP 
facility and, at the lnPP site, is at least an order of magnitude more 
permeable than other members of the Rustler Formation, including the 
Magenta dolomite. The transmissivities of Rustler anhydrites at the YIPP 
site are too low to measure. As a result, the Culebra dominates fluid flow 
within the Rustler Formation at the WIPP site and is the most significant 
pathway to the accessible environment from the WIPP facility, except for 
direct breach to the surface by human intrusion. The transmissivity of the 
Culebra varies by approximately six orders of magnitude in the region 
containing the VIPP site. The Culebra transmissivity in the central 
portion of the site, including the locations of all four YIPP shafts, is 
low. Higher Culebra transmissivities are found in areas southeast and 
northwest of the central part of the site. Fluid flow rates within the 
Culebra are very low at the site center and in regions to the east, but 
relatively high within Nash Draw. Modern flow in the Culebra is confined 
and largely north-south in the area of the lnPP site . 

Fluid flow and geochemistry within the Culebra dolomite and shallower units 
are in continuing transient response to the marked decrease or cessation of 
local recharge at approximately the end of the last pluvial period. Both 
bulk chemistry and isotopic relations within Culebra fluids are 
inconsistent with modern flow directions if steady-state confined flow is 
assumed. Because of the relative head potentials within the Rustler 
Formatibn at and near the WIPP site, there must be a small amount of 
vertical fluid flow between its members, even though the permeabilities of 
Rustler members other than the Culebra dolomite are quite low. Where 
measured successfully, the modern head potentials within the Rustler 
prevent fluid flow from the surface downward into the Rustler carbonates. 
These results do not prohibit either the modern movement of fluids from the 
underlying Salado Formation upwards into the Rustler Formation or the 
downward movement of Dewey Lake waters into the Rustler Formation during or 
even after the cessation of local recharge at the end of the last pluvial 
period. They do, however, suggest chat recharge from the surface to the 
Rustler Formation is not now occurring at the WIPP site. The results of 
stable-isotope, radiocarbon, and uranium-disequilibrium studies are also 
consistent with the interpretation that there is no measurable modern 
recharge to the Culebra dolomite from the surface at and near the IJIPP 
site. The transient hydrologic response of the Rustler Formation to the 
end of the last pluvial period has involved at least some change in flow 
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directions in the Culebra dolomite. Although the modern flow is largely 
north-south, the results of uranium-disequilibrium studies suggest that 
flow was more easterly during previous recharge. 

Within and near Nash Draw, evaporite karst is operative within the Rustler , 
as evidenced by the continuing development of small caves and sinkholes in 
near- surface anhydrites and gypsums of the Forty-niner and Tamarisk 
Members. There is no evidence of karstic hydrology in the Rustler at and 
near the YIPP site. However fracturing of some portions of the Culebra 
dolomite is sufficient at the site to strongly affect both hydraulic and 
transport behavior on the hydropad scale, i.e., over distances of 
approximately 30 111 . Interpretation of ·multipad interference tests 
conducted both north and south of the center of the YIPP site indicates 
that this fracturing need not be incorporated into numerical modeling of 
the regional-scale hydraulic behavior of the Culebra east of Nash Draw. 
Similarly, detailed transport calculations indicate that effects due to 
fracturing are not significant in regional-scale transport within the 
Culebra dolomite at and near the YIPP site, at least as long as the modern 
head distribution is not significantly disturbed and the calculated flow 
directions and transport properties are representative . 

The Dewey Lake Red Beds overlying the Rustler Formation consist largely of 
siltstones and claystones, with subordinate sandstones. In tested 
locations, the Dewey Lake may be hydrologically unsaturated, but is too low 
in permeabiliey for successful hydrologic testing. South of the WIPP site, 
near an area where the unit may be receiving modern recharge, sandstones 
within the Dewey Lake· locally produce potable water . In general, water 
levels within the Dewey Lake Red Beds, like those in the underlying Rustler 
Formation, must be in transient response to the end of the last pluvial 
period . Isotopic relations suggest that surficial waters have been 
involved in the formation of secondary gypsum veins within the Dewey Lake, 
but that the Dewey Lake and Rustler hydrologic systems are largely 
separate. 

The major near-surface units at the WIPP site are the Gatuna Formation and 
Mescalero caliche. The sandstones and stream-channel conglomerates within 
the Gatuna indicate that major changes in local climate have occurred over 
(at least) the last 600,000 years. The widespread preservation of the 
Mescalero caliche indicates not only the relative structural stability of 
the Livingston Ridge surface (on which the YIPP surface facilities are 
sited) over the last 400,000 years, but also that infiltration over this 
same time period has not been sufficient to dissolve a layer of carbonate 1 
to 2 111 thick. 

5.2 Individual Conclusions and Discussions 

This Section contains descriptions and discussions of more specific 
conclusions concerning geologic chracurization of the WIPP site and 
vicinity. ·In each case, the description of the conclusion is followed by a 
brief discussion . 
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5. 2.1 Conclusions Coneeminc tbe Overall Geologie and Hydrologic Setting 
of tbe YIPP Site and Vicinity 

1. Conclusion: The overall geologie behavior at the VIPP site has been 
transient: since before the beginning of deposition of the Bell Canyon 
Formation approximately 250 million years ago. Radiometric age dating 
indicates that secondary polyhalit:es in the Salado Formation near the 
W!PP facility horizon crystallized approximately 200 million years ago, 
some 40 million years after deposition of the Salado. Fractures within 
MB139, which are now partially healed, probably formed in response to 
rapid unloading at the end of the Cretaceous or in the Tertiary, i.e., 
more than approximately 2 million years ago.· The hydrologic setting of 
the VIPP site appears to be in transient: response to the end of the 
last: pluvial period. 

Discussion: Not all of the secondary minerals in the Salado have been 
dated. The age of magnesite, which appears to play a large role in 
controlling the composition of fluid inclusions, has not been determined . 
The age of fracturing in MB139 has not been determined directly. However, 
given that estimated ages of secondary mineralization and fracturing within 
MB139 appear large relative to the regulatory time frame of 10,000 years, 
the present estimates are adequate. Understanding of the hydrology of the 
W!PP site, especially the Rustler Formation, has been a major focus of 
site-characterization activities (see below) . 

2. Conclusion: There is abundant evidence for climatic and hydrologic 

• 

transients at the W!PP site over the tille interval of approximately • 
600,000 to 300,000 years before the present, as well as for long-term 
structural stability of the Livingston Ridge surface, on which the WIPP 
surface facilities are sited. The Gatuna Formation indicates a much 
wetter cliaate approximately 600,000 years ago, resulting in the 
presence of relatively high-energy streams on what is now the 
Livingston Ridge surface. The formation of the Mescalero caliche and 
Berino soil indicate a relatively drier climate approximately 500,000 
and 300,000 years ago. The widespread preservation of the Mescalero 
indicates ,structural stability of the Livingston Ridge surface for 
approximately 300,000 years. In addition to structural stability, the 
preservation of the Mescalero caliche indicates that the regional 
infiltration over approximately the last 500,000 years has been 
insufficient to dissolve the existing caliche. 

Discussion: The available geologic data do not: provide a continuous time
stratigraphic record over the last 600,000 years. For example, only the 
upper po~tion of the Gatuna Formation has been dated; the age of lower 
portions of the unit is unknown. No dated deposits younger than the Berino 
soil are present at: the W!PP site. Regional preservation of the Mescalero 
caliche does not: aean that there is no local infiltration of surficial 
waters, since local dissolution of caliche due to the action of plant: roots 
is known; in some places, the resulting structures completely pierce the 
Mescalero. 
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3. Conclusion: There is localized evidence for climatic and hydrologic 
changes near the YlPP site on the time seale of 25,000 to 10,500 years 
ago. Gypsite springs along the east side of Nash Draw appear to have 
been inactive for approximately 25,000 years. Packrat middens 
northwest of Carlsbad indicate a climate approximately 10,000 years ago 
significantly cooler and wetter than that approximately 4, 000 years 
ago. 

Discussion: Neither gypsite springs nor paekrat middens have been found at 
the YIPP site proper . The radiometric age-dating of the gypsite spring 
deposies is not internally consistent, although the faunal assemblage in 
the deposits is definitely Late Pleistocene in age. The gypsite springs 
and packrat middens provide only a qualitat:ive indication of change in 
climate and precipitation. Therefore, they cannot be used as direct input 
for transient boundary conditions in numerical modeling of hydrology at the 
YIPP site. Little information is available concerning the climate and 
hydrology of the northern Delaware Basin between approximately 10,000 and 
4,000 years ago. 

4. Conclusion: There is abundant evidence that the natural fluid flow and 
geochemistry of the Rustler are dominated by confined flow within the 
Culebra dolomite at and near the YlPP site, and that flow within the 
Culebra is transient on a time seale of approximately 10,000 years or 
longer. 

The hydrology and geochemistry of the Rustler, and therefore those of 
all other units as well, are recovering from the most recent pluvial 
interval in southeastern New Mexico. Factors indicating the overall 
transient setting of Rustler hydrology at and near the YIPP site 
include : a} the inconsistency between modern flow directions and 
present brine-density distribution within the Culebra dolomite if 
steady-state confined flow is assumed; b) the inconsistency between 
present hydrochemical facies within Culebra fluids and modern flow 
directions if steady-state confined flow is assumed; c) the inconsis
tency between the isotopic characteristics of Rustler fluids . and both 
modern flow directions and surficial recharge to the Rustler at and 
near the WIPP site; and d) geologic, isotopic, and hydrologic studies 
indicating that vertical fluid movement into and out of the Rustler 
Formation is limited. 

Because the transmissivities of non-carbonate units within the Rustler 
are not zero and different hydraulic heads are known in different 
Rustler members, there must be limited vertical fluid flow within the 
Rustler Formation. However, the transmissivities of Rustler anhydrites 

.. and the Tamarisk claystone at and near the YIPP site are too low to 
measure; therefore vertical fluid flow must be extremely limited . 

Discussion: The present isotopic data bases are limited in size . 
Therefore, the presence of small structures inconsistent with regional 
interpretations is possible. In addition, because of the limited data 
base, directions of flow interpreted from uranium-disequilibrium studies 
include considerable uncertainty. The available results indicate that .. 
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although stratabound flow within the Culebra dolomite dominates at and near 
~he WlPP site, this is not necessarily true within Nash Draw. Because of 
the existence of small caves and sinkholes within Tamarisk and Forty-niner 
anhydrites in Nash Draw, there must be a qualitative increase in the 
transmissivity of these members somewhere between the WlPP site and Nash 
Draw. Avaliable evidence suggests that this change does not take place 
east of YIPP-33. 

5. Conclusion: At least three types of man-induced transients at the YIPP 
site are known or can be expected. The transients include hydrologic, 
geochemical, and structural effects, independent of the emplacement of 
waste. 

The hydrology of the Rustler Formation at and near the YIPP has been 
and will continue to be affected by both hydrologic testing in the area 
and the construction and sealing of the YIPP shafts. The hydrologic 
behavior of the Salado Formation, both in the YIPP facility itself and 
adjacent to the access shafts, has been altered by construction of the 
YIPP facility and shafts. This alteration includes development of a 
loca: altered or disturbed rock zone, within which permeability is 
significantly increased and a zone of partial saturation has probably 
developed. The altered zone, however, is probably less extensive 
around lined shafts than at the facility horizon. 

In the Rustler Formation, the use of lost-circulation materials during 
the drilling of hydrocarbon-exploration holes and hydrologic test holes 
not drilled with air has resulted in development of at least local 
geochemical transients of unknown magnitude, lateral extent, and 
duration. Any far-field radionuclide migration outside the YIPP 
facility in the Rustler may be superimposed on these transients. 
Possible geochemical alteration within the Salado Formation due to the 
presence of the YIPP facility remains to be examined in detail, with 
the exception of effects due to emplacement of TRU wastes. For 
example, the long-term geochemical stability of grouting materials used 
in both the Rustler and Salado is not yet known. 

The construction pf the WlPP facility imposes a transient near· field 
structural effect on at least nearby portions of the Salado Formation. 
At the facility horizon, this effect includes both local opening of 
preexisting fractures in MB139 and formation of fractures in halite. 
Transient structural behavior around the WIPP shafts will include the 
Rustler Formation and extend to the land surface. However, the limited 
information availaole to date suggests that structural effects around 
the ~IP~ shafts will be less than those at the facility horizon. 

Discussion: The effective time scales of the man-induced transients in and 
near the WlPP facility are not well known. Transients directly resulting 
from the construction of the WlPP facility will last until reequilibration 
following the effective hydrologic and structural closure of the facility. 
The time scale of hydrologic transients within the Rustler induced by 
hydrologic testing is short, maybe decades. The time scale of induced 
geochemical transients within the Rustler is not known. Only those 
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transients which might affect the performance of the WIPP facility need be 
determined in any more detail than indicated here. Determination of which 
transients need be considered is part of the WIPP Performance Assessment 
activity. 

5.2 . 2 Conclusions Concerning the Bell Canyon Formation 

1. Conclusion: Calculations completed as part of the YIPP SPDV effort 
indicate that the Bell Canyon does not have sufficient brine-carrying 
capacity to dissolve halite rapidly enough for halite dissolution 
within the Castile and/or Salado Formations as a result of brine
density flow. Therefore, · in regions of the Castile and Salado 
reasonably removed from concern regarding stratabound dissolution, such 
as the WIPP site, only halite dissolution as a result of diffusional 
processes need be considered. Such diffusion proceeds at a rate too 
slow to be of concern to the YIPP Project. 

Discussion: The conclusions are dependent upon the assumed gradients 
within the Bell Canyon and range of Bell Canyon hydraulic properties, both 
of which are somewhat uncertain. The SPDV calculations did not result in 
total agreement that point-source dissolution was not a feasible mechanism 
at the WIPP site. However, the structure specifically proposed as a result 

• of point-source dissolution vas directly examined by drilling and testing 
of hole DOE-2, and was found to result from deformation within the Castile 
and Salado Formations, rather than from halite dissolution. 

2. Conclusion: Investigations in holes Cabin Baby-1 and DOE-2 suggest 
indicate that the upper Bell Canyon Formation beneath the YIPP site is 
not significantly permeable. Therefore, regardless of the relative 
heads, the volumes of fluid flow berween the Culebra dolomite and the 
upper Bell Canyon would be minor if the two units were interconnected 
as a result of drilling. These same studies indicate that the final 
direction of fluid flow would be downward into the Bell Canyon. 

Discussion: Although Cabin Baby-1 and DOE-2 lie directly south and north 
of the WIPP site center, they provide only two data points. Given the 
regional trends of the Ramsey channel sands in the upper Bell Canyon, it is 
possible that a narrow sand crosses the center of the site from northeast 
to southwest, without having been inters·ected by either drill hole. The 
conclusion concerning directions of fluid flow pertains only to the final 
direction of flow, assuming halite saturation of both Bell Canyon and 
Culebra fluids as a result of dissolution of Salado halite. The conclusion 
does not describe either directions or rates of fluid flow prior to such 
satur.ation. In addition, the conclusion assumes that the fluid-carrying 
capacity of the Bell Canyon is sufficient to completely overwhelm any 
potential heads within the Salado Formation. This assumption appears 
reasonable, given the extremely small volumes of Salado flow intersected in 
hydrologic test holes at the WIPP site . 

235 



5.2.3 Conclusions Conee;ning ;be Cas;ile and Salado Fo;ma;ions 

1. Conclusion: Regional-scale deformadon of ehe Caseile and Salado • 
Formaeions may well be ongoing at and near the Y!PP siee in response to 
graviey. However, estimaeion of the time required for formaeion of the 
WlPP-12 anticline indicates that such deformation probably occurs at a 
rate eoo slow to be of concern eo the behavior of the YIPP facility. 
Fluids play a major role in regional-scale deformation of the Castile 
and Salado Formations, especially in deformation of halites and 
anhydriee seringers or laminae. Both eseimaeed deformation rates and 
mechaniseic consideration. are consistent with pressure solution being 
a major deformaeion mechanism on the regional scale. This conclusion 
is consiseent wieh greaeer deformaeion raees at lower differential 
stresses than would be the case for sericely anhydrous deformation. 
Inclusion of pressure solueion u a deformaeion aechanism resules in 
prediceed serain rates ae ehe YIPP siee which are consistene with 
estimaeed rates elsewhere. 

Discussion: Regional-scale deformation in response eo gravicy is not 
constrained eo occur at a conseant rate. Therefore, deformaeion rates 
averaged over long periods of eime may be exceeded during shorter 
intervals. For pressure solueion eo be aceive, there must be a relaeively 
continuous fluid film along grain boundaries. While texeural evidence of 
pressure solueion has been noted in core from the WIPP siee, the presence 
of ehe required grain-boundary film has not been demonseraeed directly. 
Although ehe role of pressure solueion in regional-scale deformaeion is 
probable, it is noe clear if or when ehe same mechanism will become 
dominant in near-field deformaeion around the Y!PP facilicy. If it did • 
become active, it would help acceleraee mechanical closure of the faciliey 
by increasing deformaeion at relaeively low differeneial seresses. 

2. Conclusion: Much of ehe variabiliey in boeh eoeal and interval 
stratigraphic thicknesses of the Caseile and Salado Formaeions ae and 
near ehe YIPP site is due eo syndeposieional and posedepositional 
deformaeion, raeher ehan eo evaporiee dissolueion. Therefore, any 
interpreeaeion of the thicknesses of these unies IIUSe be done on a 
vereical scale involving as much of the Salado and Caseile as possible, 
rather ehan on ehe scale of a single seraeigraphic ineerval. 
Similarly, the ineerpreeaeion IIUSe be done on as large a geographic 
scale as possible, since borizone&l movemene, especially of halites, is 
involved. Apparene one-hole anomalies are especially suspece. 

Discussion: On the regional scale, especially in the weseern poreion of 
ehe Delaware Basin, regional dissolueion has apparenely removed ehe halite 
from bo~ ehe Caseile and Salado Formaeions, and the original thickness of 
halite is unknown. Ae the local scale, as demonseraeed in hole DOE-2, 
dissolution cannot be ruled out without interpretation on a broad 
stratigraphic and geographic scale. 

3. Conclusion: The basinal structure in hole 00£-2, near the northern 
boundary of Y!PP Zone 3 , extends downwards from MBl24 in the Salado to 
the top of Caseile Anhydrite I. However, the 00£-2 structure resulted 
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from syndepositional and postdepositional deformation, rather than from 
halite dissolution. Deformation involved in formation of the DOE-2 
structure result:ed in displacement of all but 2 m of halite from the 
Castile Formation. However, both the Castile anhydrites and the 
entire Salado Formation (especially halites) are unusually thick in 
this hole. No evidence of dissolution was identified in DOE-2 core. 

Discussion: The present understanding of che hydrology and structural 
behavior of the Castile and Salado Formations indicates that point-source 
dissolution of evaporites requires connection with a major source of 
unsaturated water, such as the Capitan limestone. This is not known to 
have occurrd within the body of che Delaware P.asin, with the possible 
exception of the emplacement of Castile brines. Yhile the present 
hydrologic and structural understanding does not allow prediction of where 
either point-source dissolution or a gravitational structure such as that 
at DOE-2 might form in che future, che drilling, coring, and hydrologic 
testing of DOE-2 demonstrates that no such structure presently exists 
within YIPP Zone 3. Calculations indicate chat rates of gravitationally 
driven deformation are too slow to be of concern to the YIPP facility on 
the regulatory time scale. 

4. Conclusion: The average far-field permeability of the Salado Forma
tion, based on testing both from the surface and near the YIPP facility 
horizon, is 0.1 microciarcy or less, except where fractures locally 
contain small or large volumes of gas at elevated pressures. The 
stratigraphic variability of far-field permeability within the Salado 
is presently unknown, but appears negligible . 

Discussion: It is not known for sure that the Salado is hydraulically 
saturated in the far-field. Known gas occurrences in drilling from the 
surface and within che YIPP facility indicate that partial saturation may 
be present in both the near-field and far-field, at relatively high 
confining pressures. The distribution of fracture systems, range of 
possible initial gas pressures, and effective fracture permeabilities in 
the far-field Salado remain unknown. 

5. Conclusion: \lhere it has been possible to measure Salado. fluid 
pressures, calculated heads indicate the potential for limited fluid 
flow upwards into the overlying Rustler Formation. Measurements to 
date indicate, however, that che amount of fluid available from the 
Salado is extremely limited. At least in the case of YIPP-12, the 
Salado fluid pressures and calculated heads exceed those in the 
underlying Castile brine reservoir. It has not been possible to 
determine any discrete source of fluid flow within the Salado Formation 
in testing from the surface. 

Discussion: The measured Salado fluid pressures indicate only the possible 
directions of modern fluid flow. The measured pressures may be relict, 
developed under different geologic conditions than those at present, e.g., 
they may have been developed during che last pluvial period. The time 
scale on which such pressures or heads might change as part of the 
transient overall response of the YIPP hydrologic setting to the end of the 
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last pluvial period is not known, but must be long, given the low regional 
permeability of the Salado. 

6. Conclusion: Yater contents of Salado halites in the far-field appear 
to be as much as 2 weight percent, based on geophysical logging, 
greaur than previously estimated . This does not have any direct 
impact on expected fluid flow into the YIPP facility, other than 
indicating that fluid volumes available to support long-term fluid flow 
may be greater than previously expected. 

Discussion: To date, the interpretation of far-field water contents is 
based only on geophysical studies. Measurements on core are ongoing. 

7. Conclusion: Consistent with assumptions maintained since brine was 
encountered in Cas tile Anhydrite II I in YIPP -12, recent geophysical 
studies indicate that Castile brine may be present beneath a portion of 
the WIPP waste-emplacement panels. Brine is most likely present 
beneath the northern and northeastern portion of the waste-emplacement 
panels, and probably comes close to the southwestern and southeastern 
corners of the panels. However, the brines, if present, are 200 m or 
more below the YIPP facility horizon, and are not of concern except in 
the•event of drilling-induced breach connecting a brine occurrence with 
the YIPP facility. 

Discussion: Because of the dominant effect of the underlying Bell Canyon 
Formation, it is possible that the interpreted brine occurrences within the 
Castile are not real. Three-dimensional modeling of the results does not 
appear promising in defining the lateral distribution of Castile brines 
more accurately. Because of the vertical uncertainty inherent in the 
measurements, it is not possible to distinguish between brine occurrence 
within Anhydrite III and within Anhydrite II. However, where Castile 
brines have been encountered, it has always been present in the uppermost 
anhydrite. 

8. Conclusion: _ Both uraniWII-disequilibrium studies and structural calcu
lations appear consistent with emplacement of brines into fractured 
Castile anhydrites as a result of an episodic process. The process may 
involve either local brine movement during deformation and fracturing 
of anhydrite in low-pressure locations such as anticlinal crests, or 
long-distance fluid movement into preexisting fractures as a result of 
episodic hydrologic connection of the Capitan limestone and Castile 
Formation . .. 

Discussion: It is not agreed that deformation or hydrologic connection of 
the Capitan limestone and Castile is the relevant episodic process involved 
in generation and/or emplacement of Castile brines. Structural studies 
indicate that deformation of the Castile Formation is · episodic, with 
resultant episodic generation and emplacement of brines. Under these 
assumptions, generation of fractures and migration of brines into 
anhydrites may occur during the nex.t 10,000 years, but probably at too low 
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a rate to be of concern to the VIPP Project. Isotopic studies are 
interpreted to indicate a residence time for Castile brines sampled at 
ERDA-6 and VIPP-12 of more than 100,000 years. Yhile this interpretation 
indicates prior hydraulic connection of the Castile anhydrites and the 
Capitan limestone, it also indicates that this connection has not been 
operative for more than 100,000 years. 

9. Conclusion: Both fluid-inclusion and grain-boundary fluids are present 
within the Salado Formation, in addition to loosely-held waters of 
hydration in hydrated minerals. The composition of Salado fluid inclu
sions is apparently controlled by the crjstallization of polyhalite and 
magnesite. Radiometric age dating of. polyhalites indicates that they 
are approximately 200 million years old. Therefore, the Salado fluid 
inclusions appear to be approximately 200 million years old. Fluids 
encountered within macroscopic flows into the YIPP facility appear to 
be dominantly grain-boundary fluids rather than fluids from fluid 
inclusions. The composition of grain boundary fluids within the Salado 
is apparently controlled by diagenetic reactions involving crystal
lization of Mg·rich layer silicates. Because the kinetics of these 
reactions are slow, it is concluded that the residence time of grain· 
boundary fluids within the Salado is at least several million years. 
The marked vertical variability of fluids near the WlPP facility hori
zon indicates very limited vertical fluid flow within the Salado. 

Discussion: Crystallization of magnesite appears to have a major affect on 
fluid-inclusion compositions. However, magnesite from samples at the YIPP 
has not been dated. It ha~ not been possible to estimate the residence 
time of Salado grain-boundary fluids directly. Radiometric measurements 
indicating ages for clay minerals greater than the Permian indicate that 
diagenetic or secondary reactions involving Mg have not involved complete 
recrystallization. 

10. Conclusion: In the Salado Formation near the WlPP facility, there is 
strong coupling of deformation and hydraulic behavior. Within 
approximately 2 11 of the underground roollS and entryways, fracturing 
and probable matrix dilation have led to a marked increase in 
permeability, and quite possibly to development of a zone of partial 
saturation. The increase in permeability appears to be both time
dependent and geometry-dependent. Yithin a few meters of the 
underground workings, however, the hydrologic properties of the Salado 
essentially become the same as regional properties. 

'Jthe time scale on which the YIPP facility will affect the local 
hydrology of the Salado Formation, while undetermined at present, is 
likely to be extensive, continuing until reequilibration after effec
tive mechanical closure of the facility. Yithin the facility, there 
is a three-stage generalized flow behavior. Holes are normally dry 
when first drilled. Fluid flow then normally rises rapidly to a 
maximum flow rate, after which it more slowly decreases to something 
approximating steady-state flow, though probably still decreasing. 
Porous ·medium calculations based on the estimated far- field 
permeability indicate that steady-state fluid flow might not be 
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reached for more than 5000 years, becau.e of the extremely low 
permeabilities; these calculations do not yet include consideration of • 
facility closure. The observed •steady-state• flow _is qualitatively 
consistent with measured far-field permeabilities. Soth measurement 
and calculations to date indicate chat effective pore pressures within 
the Salado have been affected by the presence of the YIPP facility 
only within a few meters of the facility. 

Discussion: Yithin the altered zone around the YIPP facility, the porous
medium approximation may not be adequate for either flow or transport 
modeling. The distances from the underground workings at which this 
simplifying assumption becomes valid remain to be determined. At present, 
there is not an adequate characterization of the fracturing adjacent to the 
YIPP facility to allow realistic aodeling of flow and transport behavior 
within the altered zone, nor do adequate models exist. The long-term 
extent of the altered {fractured) zone around both underground workings a~d 
shafts remains unknown. However, the zone should be larger around 
underground workings than around lined shafts. Soth the total long- term 
brine seepage to be expected from the Salado and the total volume of the 
Salado affected by fluid flow depend on the available porosity as a 
function of time within the YIPP facility and any altered zone that may be 
present. The effects of stress relief ~=ound the YIPP facility on both 
near-field and far-field hydrology will be examined in detail during the 
YIPP operational-demonstration period. 

ll. Conclusion: Preliminary hydrologic testing adjacent to the YIPP 
waste-handling shaft indicates that all of the tested intervals, which • 
include claystone and siltstone in the unnamed . lover member of the 
Rustler and both halites and anhydrites within the Salado, are 
extremely low in permeability. lJhile there vas evidence of a 
hydraulic cone of depression around the shaft, there was no evidence 
of fracturing or alteration, except at the 850-ft level. At this 
level, pressurized fluids were encountered at the liner/rock interface 
and flowed into the test hole. Testing extended from approximately 2 
m outside the shaft liner to a depth of some 10 m. The results are 
consistent with the interpretation that damage effects due to either 
blasting of the shaft or deformation around the shaft do not presently 
extend more than two meters into the surrounding rock mass. 

Discussion: Due to scheduling constraints, only one or two holes was/were 
tested at each level. Therefore, these results do not indicate a complete 
absence of fracturing, merely that fractures were not intersected by the 
one or two holes at each level, except the 850-foot level. To better 
determin,e the presence or absence of fracturing by direct measurement, 
arrays of three or more holes would be needed at each level. The results 
do not indicate a potential altered zone within 2 m of the liner. Finally, 
the waste-handling shaft has been at its present diameter for approximately 
four years. The operational phase of the YIPP is expected to extend 
approximately 25 years, after which shaft seals must be emplaced success
fully. The extrapolation of the present results to 25 years may not be 
reliable. 
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12. Conclusion: Anhydri~e Marker Sed 139, approxima~ely 1 to 2 m beneath 
the YIPP facility horizon, con~ains par~ially healed and filled 
frac~ures which preda~e construction of the Y!PP facility and play a 
significant role in both mechanical deformation near the YIPP facility 
and ~he near-field enhancement in permeability. The estima~ed age of 
~he fractures is at least two million years. However, the far-field 
permeabili~y of MS139 is not significandy greater than that. of the 
surrounding hali~es. 

Discussion: Development of any altered zone around the YIPP facili~y will 
be time dependent. Therefore, ~he boundary between ~he hydrologic near
field and far-field regimes will also ·be ~ime dependent. The rate and 
exten~ to which the fraccure porosity and penaeabili~y of MS139 in the 
altered zone near the Y!PP facility horizon will be reduced during closure 
of ~he W!PP facility has not yet been demons~ra~ed. 

5.2.4 Conclusions Concernin& the RuStler Forwa;ion and Younger Units 

l. Conclusion: The available transmissivity data base at and near the 
W!PP si~e sugges~s ~ha~: a) the Culebra dolomite is at least one order 
of magnitude more transmissive than other members of the Rustler at 
most locations; and b) except where it is fractured in or near Nash 
Draw, the ~ransmissivity of the Magenta dolomite is the same order of 
magnitude as tha~ of other members of the Rustler. Consequently, 
confined flow within the Culebra domina~es the hydrology of the Rustler 
at and near the W!PP si~e. and Rus~ler karst is not presen~ . 

Discussion: The Magenta data base is significantly smaller than that of 
the Culebra. Ttansmissivities of Rustler claystone/siltstones are very low 
but measurable at the Site, except for the Tamarisk claystone, which has 
not been successfully tes~ed due to its low transmissivi~y. The transmis
sivity of Rustler anhydri~es at the Site are ~oo low ~o measure success
fully. Somewhere between the YIPP site and Nash Draw (including WIPP-33), 
there must be a marked increase in the local permeabili~y of Rustler 
anhydrites/gypsums. l.There they are exposed or rela~ively near the surface, 
i.e., in Nash Draw and at YIPP-33, Rusder anhydrites are capable of 
supporting open cavernous porosity. The character and location of this 
transition in behavior of the Rustler anhydrites are not known in detail, 
but apparently involve decreasing overburden pressure (allowing the gypsums 
to maintain open porosity) and specific structures at the loca~ions of both 
recharge and discharge. 

The YIPP-33 structure is unique at and near the YIPP si~e. since it 
includes the three components necessary but not sufficient for karstic 
geology within the Rustler: l) a sufficiendy large breach in the 
Mescalero caliche and relatively thin Dewey Lake Red Reds; 2) shallow 
enough depth to gypsums within the Forty-niner and Tamarisk Members to 
allow maintenance of open porosity in gypsums above and below the Mag_enta; 
and 3) a probable local base level at the time the structure was mainly 
active, namely ~he gypsite springs on ~he east side of Nash Draw. Roth the 
deuterium/hydrogen ratios of secondary gypsum from YIPP-33 and approximate 
dating of the gypsite springs within Nash Draw suggest that the WIPP-33 
structure is largely inactive at present . 
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2. Conclusion: Measurements of relative heads within the Rustler Forma
tion at the YIPP site are not consistent with modern infiltration from 
the surface to the Magenta, let alone from the surface to the Culebra . 
Therefore, at least at the measured locations, there is no modern 
infiltration of surficial waters to Rustler carbonates. 

Discussion: The holes on which this conclusion is based provide only 
limited geographic coverage, and do not include any locations at which the 
Dewey Lake Red Beds are known to be hydraulically saturated. Where tested, 
the Dewey Lake was too tight for hydraulic testing, and may be either 
completely or partially saturated. No head or transmissivity information 
is available from the Tamarisk Kember of the Rustler, due to its 
exceedingly low transmissivity. These results do not rule out vertical 
movement of wate::- from either the surface or the Dewey Lake into the 
Rustler in areas in which the Dewey Lake is saturated directly above the 
Rustler, or in any area in the past if heads in the Dewey Lake were higher 
at that time. 

3. Conclusion: Culebra transmissivity varies by approximately six orders 
of magnitude in the region of the YIPP site and Nash Draw. 
Transmissivities generally decrease from west to east across the site 
area. For purposes of generalization, the distribution can be divided 
into broad areas of relatively low Culebra transmissivity (S 10·6 
m2js), in which the porous-medium assumption appears adequate to 
describe local hydraulic and transport behavior, and areas of rela
tively high transmissivity (2: 1o·S m2/s), in which a dual-porosity 
formalism appears adequate to describe local hydraulic and transport 
behavior. Both of these zones are represented by several wells. Two 
wells (H-3 and H-18) penetrate an apparently thin transition zone, in 
which transmissivity varies between 10·6 and 10-S m2js. 

The central portion of the YIPP site, including all four YIPP shafts, 
lies within an apparently continuous area of low transmissivity. This 
area extends well east of the site, and includes the holes H-1, 2, 4, 
5, 10, 12, 14, 15, 16, and 17; YIPP-12, 18, 19, 21, and 22; ERDA-9; 
Cabin . Baby-1; P-15, 17, and 18, in addition to the WlPP shafts. North 
of the YIPP site, measurements at YIPP-30 indicate the presence of a 
northern zone of low transmissivity, which may or may not be continuous 
with the zone near the site center. 

There is a zone of relatively high Culebra transmissivity southeast of 
the center of the Site, which is indicated both by point measurements 
at H-11 and DOE-1 and by the presence of very low hydraulic gradients 
south of .~IPP Zone 3. Northwest of the site center, there is a 
relatively uniform high-transmissivity zone containing holes WIPP-13, 
DOE-2, and H-6. This zone is bounded by low-transmissivity domains to 
the north, east. and southeast, and by an even higher-transmissivity 
domain to the so~tnwest and west. Yithin both Nash Draw and the valley 
south of the YIPP site containing H-7 and H-9, Culebra transmissivity 
is both high and variable. 
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Discussion: There are some excepeions eo ehe generalizaeions liseed above. 
YIPP-21, which has a low eransmissiviey, responds quiee rapidly eo 
activities in ehe YIPP shafes, indicaeing ehat the region containing YIPP-
21 is connected eo ehe shafes by a low-storaeiviey seructure, which may 
involve fractures. Tests at individual low-eransmissivity wells examine 
only a very small area. Neieher analytical nor numerical modeling is 
capable of identifying a small, discrete high-transmissivity structure 
embedded in a low-eransmissivity domain, unless it is close to measured 
data points. No evidence for such a discrete seructure is known at the 
YIPP site. On the oCher hand, the hydraulic behavior of the Engle well, 
which has a high transmissivity, shows no. dual-porosity effects. Test 
resules from tile Culebra in Nash Draw have not been examined for dual
porosity behavior; fracturing may be extensive enough in Nash Draw to make 
a dual-porosity formalism unnecessary. 

The boundaries of the low-transmissivity zone including YIPP-30 remain 
unknown. The interpretaeion based on ehe rapid and large response of this 
hole to the YIPP-13 pumping test suggests that ehe high-transmissivity 
domain including YIPP-13, DOE-2 and H-6 extends close to YIPP-30. 

The boundaries of ehe high-transmissivity zone soueh of H-11 and DOE-1 and 
the connection of this zone wieh ehe larger high-eransmissivity region 
containing H-7, H-8, and H-9 have not been determined directly, nor has the 
maximum eransmissivity wiehin ehe zone. The presence of the zone south of 
H-11 and DOE-1 is indicaeed by boeh analytical and numerical modeling of 
the H-3 multipad interference test, as well as by more recent calibration 
of Culebra transmissivieies against calculated pre-shaft heads. This zone 
will be investigated during 1988 by a multipad interference test to be con· 
ducted at the H·ll pad. The reason for the relatively high transmissivi· 
ties at H-11 and DOE-1 remains unknown. 

4. Conclusion: The estimation error for Culebra transmissivities over 
most of the YIPP site {in terms of m2/s) is less than one log unit at 
two standard deviaeions, including estimated uncertainties in field 
measurements. The eseimaeion error is generally larger outside Zone 3. 

Discussion: _The statistical treatment of Culebra transmissivities should 
not be overinterpreted, since it does not include specific consideration of 
geologic processes. In addition, Chis treatment assumes vertical homo
geneity within the Culebra. Testing at H-14 indicates that transmissivity 
may vary by a faceor of about 2 across ehe Culebra at a given locality. 

5 .. Conclusion: Groundwaeer flow rates within the Culebra vary greatly. 
Flow wiehin Nash Draw is relatively rapid; flow in ehe central portion 
of ehe YIPP siee and in regions further east is extremely slow. The 
estimaeed flow time from a posieion above the center of the YIPP waste
emplacement panels to the southern boundary of Zone 3, assuming steady
state distribution of the present heads and transmissivities within the 
Culebra, is approximately 13,000 years . 
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Discussion: Calculated particle-flow rates and integrated travel times are • 
approximate. The head distribution and flow directions within the Culebra 
are not at steady state. The similar Culebra and Magenta heads within Nash 
Draw suggest that assumption of confined flow within the Culebra may not be 
realistic in this region. In addition, the calculations assume a uniform 
effective porosity of 16\. The effective Culebra porosity probably varies 
laterally, suggesting that both flow rates times and flow paths are more 
variable than calculated. 

6. Conclusion: Single-pad interference testin& at the H-3 and H-11 hydro
pads indicates a complex role of fracturing within the Culebra. At 
H-3, the system transmissivity is approximately 2 x 10·6 m2js, and no 
significant direetiona: dependence of hydraulic response has been 
measured. However, the data from observation holes on the H-3 pad had 
to be interpreted as if the radius of the pumped well extended beyond 
the observation holes; i.e., the response of the observation holes to 
the beginning and end of pumping was practically instantaneous. At the 
H-11 pad, the transmissivity is 1.2 to 3.0 x 10·5 m2js. However, the 
observation holes on the H-11 pad responded more slowly during testing 
than those on the H-3 pad. The extent or effectiveness of fracturing 
is not a simple function of transmissivity. 

Discussion: The available data are only sufficient for detailed interpre
tation of interference testing using a dual-porosity formalism, i.e., 
assuming uniform fracture spacing. This limitation is irredueeable, how
ever, given the limited cor~ recovery within the Culebra. Detailed inter-
pretation of interference testing has been completed only for testing at • 
the H-3 and H-11 hydropads. Interpretation of interference testing at the 
H-2, H-4, H-5, H-6, H-7, and H-9 hydropads will be completed in the next 
year. 

7. Conclusion: Regional-scale simulations indicate that it is not neces
sary to incorporate a dual-porosity formalism into regional-seale 
modeling of Culebra head distributions. This is because the time seale 
for pressure equilibration between fracture and matrix for matrix-block 
sizes up to the thickness of the Culebra is v~ry short relative to the 
time scale required for regional groundwater flow. 

Discussion: The pressure effects of a discrete or narrow high
transmissivity structure embedded within a low-transmissivity domain remain 
to be determined in detail. It cannot be claimed that any reasonable 
amount pf drilling or hydrologic testing will completely eliminate the 
possibility of a small high-transmissivity structure being present within 
the Culebra dolomite. However, no such structure is known to exist at or 
near the VIPP site. 

8. Conclusion: Both fractures and matrix play a major role in pad-seale 
transport of contaminants within fractured portions of the Culebra 
dolomite. At the H-3 pad, the first detected arrival of conservative 
(non-reacting) tracers in a convergent-flow test was strongly 
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controlled by fracturing, while tracer behavior both at and after the 
time of peak concentration showed evidence of strong interaction 
between fraceures and matrix.. Storage within the matrix served to 
decrease peak concentrations, but also resulted in greater concentra
tions at longer times than expected for fracture transport alone. The 
results indicate that matrix. storage should play a major role in 
regional-scale transport of even conservative contaminants, so long as 
these contaminants have a reasonable diffusion coefficient into the 
matrix. 

In addition, the results of the conservative-tracer test at the H-3 pad 
indicate that the relationship between hydraulic properties and trans
port properties can be complex.. At H-3, no directional dependence of 
hydraulic behavior has been measured. In contrast, the time interval 
before first detected arrivals of tracers along the two flow paths 
investigated differed by a factor of about four. 

Discussion: Detailed interpretation of dual-porosity effects in contami
nant transport· within the Culebra is presently completed only for testing 
at the H-3 pad. An additional conservative-tracer test will be conducted 
during 1988 at the H-11 hydropad, along the apparent regional flow path 
from .the center of the WlPP site to the southern boundary of Zone 3. Any 
significant role of the matrix in contaminant transport within fractured 
portions of the Culebra requires that conservative contaminants be able to 
diffuse into matrix. blocks. Interpretation to date of the H- 3 test in
volves superposition of two radial-flow solutions; calculations are ongoing 
to investigate the possible effects of matrix. anisotropy on transport 
behavior . 

9. Conclusion: Calculations indicate that regional-scale contaminant 
transport within the Culebra Dolomite can be modeled realistically 
using the porous-medium assumption, so long as the Culebra transport 
properties and flowpaths used in these calculations are representative, 
and at least so long as the existing distribution of head potentials 
within the Culebra is not significantly disturbed. Calculated times 
required for contaminants to break through to the southern boundary of 
WlPP Zone 3 following release at any point directly above the W'IPP 
waste-emplacement panels are only approximately 10\ lower if a dual
porosity formalism is used than if the same release is modeled using 
the porous -medium assumption. The completed regional- scale 
calculations assume a transmissivity distribution which probably 
assigns too high a transmissivity to the region including holes H-11 
and DOE-1. 

Discussion: Calculations are presently ongoing to investigate the utility 
validity of the porous-medium approximation in modeling transport within 
the Culebra in the event of a breach involving a Castile brine occurrence. 
The assumption that there is effective diffusion from fractures into the 
adjacent Culebra matrix. is explicit in conclusions based on calculations 
completed to date. Results of interference testing support the conclusion 
that fluid flow is unrestricted between matrix. blocks and fractures, i.e., 
that there are no significant or continuous low-permeability skins on 
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matrix blocks. This has been demonstrated in the conservative-tracer 
experiment at the H-3 pad. Effective matrix retardation within the Culebra 
has not yet been demonstrated for some radionuclides making up the YIPP 
inventory, but will be demonstrated experimentally in the laboratory during 
the YIPP operational-demonstration phase. 

10. Conclusion: The variability in compositions of Culebra groundwaters 
allows their subdivision into four hydrochemical facies. Zone A, east 
of the WlPP site, contains saline Na-Cl brines. Zone B, south of the 
site, contains relatively fresh waters in which Ca and S04 are the 
main solutes. Zone C, which includes the YIPP siee and the eastern 
part of Nash Draw, contains quite variable fluids. Zone D, within 
Nash Draw, shows ev~dence of cont&JIIination from · potash refining 
operations. The modern distribution of hydrochemical facies within 
the Culebra is not consistent with steady-state confined flow within 
the Culebra. Therefore, the solute geochemistry of Culebra fluids is 
not at steady-state,.nor is the overall hydrology of the Culebra. 

Discussion: This conclusion assumes the dominance of confined flow within 
the Rustler in the vicinity of the YIPP site, consistent with both isotopic 
studies and measurements of the modern relative head potentials and 
transmissivities of the several members of the Rustler. 

Interpretation of normative salts within Rustler fluids is partially 
consistent with steady-state flow, if extensive vertical mixing is allowed. 
The measured head relationships within the Rustler are inconsistent with 
infiltration from the surface. The composition of Culebra waters at P-18 
and P-14 play a major role in normative interpretation Culebra waters. The 
representative character of groundwater samples from the Culebra from P-14 
and P-18 is suspect. · 

? 

11. Conclusion: Analyzed Culebra fluids are all undersaturated with 
respect to halite, but approximately saturated with respect to gypsum 
and carbonate (dolomiee). All fluids except that from hole YIPP-29 
are undersaturated with respect to anhydrite. Therefore, almost all 
Culebra waters are capable of converting into gypsum any anhydrite 
they may contact. Carbonates, sulfates, and clay minerals are 
ubiquitous in Culebra core. Halite not introduced during coring has 
not been identified reliably. lli th the exception of halite, all 
analyzed Culebra fluids appear to be in approximate equilibrium with 
the host rock. Studies to date have not identified any discrete 
variations in Culebra mineralogy that can be used to bound 
hydrochemical facies. 

Discussion: The dominane reaceions conerolling the variability of Culebra 
fluids appear to be the dissolution of halite and reactions between fluids 
and a ubiquieous but variable clay-mineral phase. Both the compositions of 
clays and the detailed reactions between clays and Culebra remain to be 
determined in detail. It cannot be demonstrated that the mineralogy of 
intact core specimens is representative of portions of the Culebra that 
have been in significant contact with groundwater. 
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12. Conclusion: There appear to be significant lateral variations in the 
oxidation state of Culebra waters. Fluids from hydrochemical facies 
Zone B, south of the site, appear to be more oxidized than those 
within Zones A and C, which include the W!PP site. The available 
information from within Nash Draw indicates that the redox potential 
at 'IJIPP-26 is similar to that within Zone B. Results at WIPP-25 
appear to be problematical, due to evolution of H2S during sampling. 
The results indicate generally more oxidizing conditions south and 
southwest of the W!PP site than at the site itself. 

Discussion: Oxidation states of Culebra fluids are not known in detail, 
and are generally bracketed by the occurrence of one member of a redox 
couple at too low a concentration. for analysis. The possible effects of 
contamination have been evaluated only in hole W!PP·25. 

13. Conclusion: Recent stable-isotope studies indicate that the bulk of 
the Rustler Formation and part of the Dewey Lake Red Beds at and near 
the WIPP site were last recharged under climatic conditions signifi· 
cantly different than those of today. This is consistent with the 
interpretations that the overall hydrology of the Rustler Formation is 
in transient response to the end of the last pluvial period in south· 
eastern New Mexico, and that there is no modern meteoric recharge to 
the Rustler Formation at and near the W!PP. 

Discussion: The data base on which the interpreted isotopic range of 
modern meteoric recharge is based includes measurements from several 
different rock types and locations, including the Capitan limestone in 
Carlsbad Caverns, alluvium at WIPP-15, the Ogallala Formation in both 
southeastern New Mexico and on the High Plains of Texas, and the Dewey Lake 
Red Beds near an active dune field. The Dewey Lake, however, appears to 
include both modern and older waters. The stable-isotopic signature of all 
analyzed waters from confined portions of the Culebra and Magenta dolomites 
are distinct from the defined meteoric field. 

The stable-isotope results do not provide any direct information about the 
timing of recharge, only about different conditions of recharge. In 
addition, the results do not rule out modern recharge to the Rustler at 
some location removed from the W!PP site itself. However, the results do 
indicate that measurable amounts of recharge are not now occurring at the 
YIPP site. 

14. Conclusion: Both stable·isotope and compositional characteristics of 
Rustler waters at Surprise Spring, in the southwestern portion of Nash 
Draw, are dominated by near-surface recharge and discharge, including 
partial evaporation. Major dilution would be required to derive the 
solute chemistry at Surprise Spring from Culebra waters at WIPP· 29, 
which is nearby. In addition, Surprise Spring apparently discharges 
from the Tamarisk Member of the Rustler, rather than the Culebra. 
Therefore, Surprise Spring, does not appear to be a discharge point 
for Culebra or Magenta waters crossing the W!PP site . 
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Discussion: It is possible that some Rustler waters from the area .of the 
YIPP site discharge in southern Nash Draw, including Surprise Spring. The • 
results summarized here, however, suggest that the hydrology and solute 
chemistry at Surprise Spring are dominated by local processes and 
groundwaters, and that any input of waters from the area of the YIPP site 
would not be identifiable, even if present. 

15. Conclusion: Use of lost-circulation materials in hydrocarbon· 
exploration hole and hydrologic test holes (except those drilled with 
air) and metabolism of these materials by introduced and/or natural 
organisms within the Rustler makes meaningful radiocarbon measurements 
on Rustler fluids difficult. All Rustler and Dewey Lake holes may be 
contaminated to some degree. Therefore, estimated periods for which 
Rustler or Dewey Lake waters have been isolated from atmospheric 
carbon should represent lower bounds. 

16. Conclusion: Available radiocarbon measureaents indicate isolation 
times of three Culebra and one Dewey Lake water from input of 
atmospherically generated nuclides for at least 12,000 years. This is 
consistent with paleoclimatic studies indicating a wetter climate in 
the northern Delaware basin approximately 10,000 years ago. The 
results are taken to imply that there has not been significant (i.e., 
detectable) vertical recharge to the Culebra and at least part of the 
Dewey Lake near the YIPP site in at least 12,000 years. · The results 
also indicate, because of the relatively tight clustering of ages, 
that recharge may have been a pulse event rather than continuous . At • 
any rate, the available radiocarbon results do not indicate any 
consistent age gradient for waters within the Culebra, and cannot be 
used to indicate paleoflow directions. 

Discussion: The data base of successful radiocarbon measurements is 
extremely limited in size. Extrapolation of these results to the confined 
Culebra over the entire Site area may be tenuous, but is consistent with 
both the fact that the Culebra is regionally confined and the results of 
both stable-isotope uranium-disequilibrium studies. Additional radiocarbon 
measurements will be made over the next (approximately) two years. 

17. Conclusion: Available uranium-disequilibrium results for Culebra 
rocks and groundwaters indicate that there must have been a signifi· 
cant distinct change in flow directions within the Culebra on the time 
scale of approximately 10,000 years. The paleoflow direction involved 
at~least some component of easterly flow, in contrast to the modern 
flow directions within the Culebra, which are essentially north-south 
in the Site area. The change in flow directions has apparently 
occurred as a result of the end of Culebra recharge at or near the end 
of the last pluvial period. The estimated flow time to the viciniey 
of H-5 is at least several thousand years, and flow has occurred under 
reducing conditions, regardless of where recharge is interpreted to 
have taken place. Therefore, modern recharge is not occurring at H-5, 
regardless of the relatively high Culebra heads in the region. The 
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current distribution of total dissolved uranium in analyzed Culebra 
groundwaters is qualitatively consistent with regional variations in 
the oxidation potential within the unit, with more reducing conditions 
in the area at the WlPP site than south of the site and in at least 
part of Nash Draw. The interpretation based on uranium-disequilibrium 
studies is consistent with the distribution of Culebra hydrochemical 
facies, stable-isotope studies, and radiocarbon studies in indicating 
that the overall hydrologic and geochemical setting of the Rustler is 
transient on a time scale of approximately 10,000 years, and is 
recovering from the last pluvial period in southeastern New Mexico . 

Discussion: The present uranium-disequilibrium data base is extremely 
limited in size, especially south of the WIPP site. Therefore, significant 
uncertainty remains concerning the constraints imposed by these studies on 
both paleo and modern flow directions. However, some change in flow 
directions within the Culebra is required by the data. 

18 . Conclusion: 87sr;86sr studies ·on both matrix minerals and coexis:ing 
mineral pairs from matrix and veins in the evaporitic units below the 
Dewey Lake Red Beds, and on veins and/or matrix materials from the 
Dewey Lake, Mescalero caliche, and gypsite springs in Nash Draw 
indicate distinct variations in the amounts of high-87sr;86sr material 
derived from surficial weathering that are involved in the different 
units. The measured strontium-isotopic character of the gypsite 
springs and the Mescalero caliche indicate derivation from surficial 
components. The character of both matrix minerals and coexisting 
mineral pairs from matrix and veins in the Castile and Salado 
Formations, as well as in Rustler anhydrites and the Magenta dolomite 
indicate little or no input of surficial components. The isotopic 
compositions of coexisting mineral pairs from veins and matrices are 
statistically identical, indicating that the components of the veins 
were locally derived in all units but the Dewey Lake . 

There is a broad range of strontium- isotopic character of vein 
minerals from the Dewey Lake, from surficial values to values similar 
to those from underlying anhydrites and the Magenta dolomite. Since 
sulfates and carbonates are very rare in the matrix of the Dewey Lake, 
the broad range in strontium- isotopic character of Dewey Lake vein 
gypsums is taken to indicate a mix of surface- type components and 
components from the underlying Rustler. Upward flow from the Rustler 
Formation is consistent with measured head relationship . The 
strontium-isotopic character of analyzed carbonate minerals from the 
Culebra shows more overlap with that of vein material from the Dewey 
Lake than does the character of either the intervening Rustler 
anhydrites or the Magenta dolomite. This is taken to imply that 
surficial components in the Culebra probably result from confined flow 
following recharge at some location removed from the YIPP site. If 
the ~ulebra near the YIPP site were presently receiving surficial 
components by vertical recharge, this recharge would be expected to 
have altered the isotopic character of Rustler zones above the 
Culebra . 
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Discussion: The isotopic data base for veins and host-rock minerals in the 
Rustler and Dewey Lake is limited in size. It has not yet been possible to 
date any of the secondary minerals directly. Therefore the strontium
isotopic results, while indicating the types of waters involved , do not 
provide any direct information concerning the ages of these waters . 

19 . Conclusion: The study of deuterium/hydrogen ratios in vein gypsums in 
the Dewey Lake and Rustler indicate that all of the gypsum$, with the 
possible exception of vein gypsum from the Dewey Lake in WIPP-19, may 
have crystallized in the presence of varying amounts of Rustler-type 
water, rather than in the presence of water representing modern 
meteoric recharge in the region. The hydrogen- botope character of 
secondary Rustler gypsums in hole WIPP-34 is consistently explained by 
Rustler-type fluids moving both upwards and downwards from the Magenta 
dolomite into surrounding members, with increasing rock/water ratios 
corresponding to increasing distance from the Magenta. This . internal 
consistency is lost if crystallization of gypsuzu from wrpp·.34 is 
assumed to have taken place in the presence of modern meteoric waters . 

In fact, it does not appear possible to have crystallized vein gypsums 
from either ·the Magenta and T&JU.risk in YIPP-34 or from the Forty
niner in YIPP-33 in the presence of JDI amount of water representing 
modern meteoric recharge. Both YIPP-33 and YIPP-34 were drilled to 
investigate either geophysical anomalies or structures that might be 
the result of Rustler karst. There 1s no indication of anomalous 
structure at VIPP-34. The W!PP-33 structure is interpreted to be the 
result of karst hydrology , but is apparently unique at and near the 
YIPP site. The isotopic results suggest, consistent with geologic 
interpretations, that the YIPP-33 structure is no longer significantly 
active. 
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FOREWORD 

The reference design for the underground facilities at the Waste 

Isolation Pilot Plant was developed using the best criteria available 
at initiation of the detailed design effort. These design criteria are 
contained in the U.S. Department of Energy document titled Design 
Criteria. Waste Isolation Pilot Plant CWIPPl. Revised Mission 
Concept-IIA CRMC-IIAl, Rev. 4, dated. February 1984. The validation 
process described in the Design Validation Final Report has resulted in 
validation of the reference design of the underground openings based on 

these criteria. Future changes may necessitate modification of the 
Design Criteria document and/or the reference design. Validation of 
the reference design as presented in this report permits the 
consideration of future design or desig~ criteria modifications 
necessitated by these changes or by experience gained at the WIPP. Any 
future modifications to the design criteria and/or the reference design 
wi 11 be governed by a DOE Standard Operation Procedure (SOP) covering 
underground design changes. This procedure will explain the process to 
be followed in describing~ evaluating and approving the change • 

The Department of Energy wishes to acknowledge the following for their 

contributions to the design validation program: 

Bechtel National, Inc. 
International Technology Corporation 
Sandia National Laboratories 
Peer Review Panel 
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INTRODUCTION 

WASTE ISOLATION PILOT PLANT 

DESIGN VALIDATION 

EXECUTIVE SUMMARY 

The Waste Isolation Pilot Plant (WIPP) 1s being developed by the U.S. 

Department of Energy (DOE) as a research and devel~pment facility to 

demonstrate the safe disposal of radioactive waste from U.S. defense 

programs. The facility is located in southeastern New Mexico, about 25 

miles east of the city of Carlsbad. Underground development is at a 

depth of about 2,1 SO feet in thick deposits of bedded sa 1 t. The 

facility operation wi 11 include in situ experiments addressing 

technical issues for defense waste programs and storage of defense 

related contact-handled (CH) and remote-handled (RH) transuranic (TRU) 

waste. 

In 1979, the DOE established a Site and Preliminary Design Validation 

(SPDV) Program to provide additional confidence in the siting and 

design of the WIPP facility. On July 1, 1981, the DOE entered into an 

agreement with the State of New Mexico whereby the DOE would perform 

certain work to validate the reference design of the WIPP underground 

openings. The results of the site validation portion of the program 

are presented in the report titled Results of Site Validation 

Experiments, Volumes ·1 and II, TME document 3177, dated March 1983. 

The results of the preliminary design valida-tion portion of the program 

are presented in the report titled Waste Isolation Pilot Plant 

Preliminary Design Validation Report, dated March 30, 1983. · 

Design validation of the WIPP is defined as the _process by which the 

reference design of the underground openings is confirmed by 

dete~ining the compatibility of the design criteria, design bases and 

reference design configurations using site specific information. The 

design validation process consists of an assessment of the condition 

and behavior of shafts, drifts and a full-sized, four-room test panel 
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excavated during the SPDV Program and full WIPP construction. Based on 
this assessment of these excavations. and on predictions of their 
future behavior. any modifications to the design criteria. design bases • 
or design configurations required to achieve a validated reference 
design will be developed. In addition. the validated reference design 
may be modified in the future as still more data and experience are 
gained during a 5-year demonstration period (period during which a 11 
waste must be retrievable) and permanent storage operations. 

The WIPP Preliminary Design Validation Report was an interim report 
prepared as part of the overall validation of the WIPP underground 
opening reference design. The WIPP Design Validation Final Report 
contains additional information gathered after completion of the SPDV 
Program. This information has been analyzed and evaluated to complete 
the design validation process fo~ the WIPP. 

Four types of information were gathered for the WtPP Design Validation 
Final Report: 

(1) observations of the behavior of the underground openings; 

(2) descriptions of the geologic conditions encountered during 
underground construction; 

. ... 
. . 

(3) descriptions of core samples from instrumentation and other 
holes in the roof and floor of the underground openings; and · 

(4) data from installed geomethanical instrumentation. 

·The design validation process provides for the collection. analysis and 
evaluation of in situ data. This process is designed to permit 
determi~ation of the need to modify elements of the underground opening 
reference design so that construction and operation of the full 
facility tan proceed in a timely. safe. envi·ronmentally acceptable and 
cost effective manner. Observation and instrumentation data have been 
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collected and ·evaluated for each of the underground design elements. 
Tables I through VI at the end of this SWIIIIIry present the evaluation 
results for the design criteria, design bases and design configurations 
of the shafts and horizontal openings. 

BACKGROUND OF UNDERGROUND DESIGN 

Geologic characterization of the site began with a literature review 
and continued with the collection of field data. Special emphasis was 
placed on correlating data obtained from seismic reflection and 
resistivity surveys and borehole drilling. Design information 
regarding site· stratigraphy from the ground surface. to about 250 feet 
below the underground facility level was developed from geologic data 
obtained from drill holes ERDA-9, WIPP-12 and DOE-1, and from the SPDV 
exploratory and ventilation shafts. 

The engineering designs for the WIPP surface and underground faci 1 ities 
began with the conceptual design, initiated in 1975 and completed in 
1977. The conceptual design provided the basis for the development of 
the preliminary design of both the surface and underground faci 1 ities, 
which was completed in January 1980. The preliminary design 
incorporated the conventional room and pillar method for underground 
development. 

Design of the WIPP . -provided for the access and storage openings to 
remain stable and provide minimum clearance for equipment during waste 
emplacement and the 5-year demonstration period, even though these 
openings will eventually close due to salt creep. Modeling techniques 
were used to estimate the geomechanical behavior and structural 
stability of the .openings. The preliminary design included numerical 
modeling of the selected underground opening configurations. These 
models were used to predict opening closures and augmented other 
conventional mining industry methods of stability evaluation • 
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UNDER6ROUND FACILITIES 

Seven stratigraphic horizons were identified. in 1979 as potential ~ 
locations for the facility level. · These horizons were chosen from 

examinations of available geotechnical data and on horizon selection 
criteria established by the WIPP project participants. Selection of 

the final underground development level was ~~ade by the DOE following 
the recommendation of WIPP project participants. 

The WIPP facility is composed of three shafts connected to a single 

underground facility level. The C ' SH shaft provides the principal 

means of access and also serves as the primary air intake opening. The 

waste shaft is designed to permit the transport of radioactive waste 

between the surface waste-handling facilities and the underground 
storage area. The exhaust shaft is the primary opening for exhaust air 
from the underground facility. All three shafts have thr.ee principle 
constituents: a lined section penetrating the rock overburden; an 
unlined section penetrating the salt; and a key at the rock/salt 

contact to act as a transition from the lined section to the unlined 
section. 

The storage level contains all of the underground facilities for waste 

handling. waste storage. operations and maintenance. All of the 

underground horizontal openings are rectangular in cross section. Tt1e 

drift configu!ations range from 8 feet to 12 feet high and 12 feet to 
25 feet wide. 

Underground construction was accomplished in two phases. The initial 

(SPDV) phase was conducted from May 1981 through March 1983. The 
second· phase. full construction. was accomp11st)ed from October 1983 

through February 1985. Both phases included the excavation and 
outfitting of shafts. drifts and rooms. 
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SUPPORTING VALIDATION DOCUMENTS -

The primary documents supporting design validation are the WIPP 
Preliminary Design Validation Report and quarterly geotechnical field 
data reports (6FDR). 

The objective of preliminary design validation was to provide initial 
· evaluation of the design criteria and design bases. and initial 
confirmation of the underground reference design. Geologic mapping. 
core dri 11 ing and logging. and geomechanica 1 instrumentation data were 
assimilated to provide an early, short-ten~ evaluation. The 
preliminary conclusions presented · in the WIPP Preliminary Design 
Validation Report stated that the shafts and underground openings were 
perfonaing as expected and were stable. In addition, gas had not been 
encountered in any significant quantity during excavation and no brine 
pockets had been encountered. 

The ~FDRs were initiated by the DOE to provide data from the SPDV 
Program and full constru~tion in a timely· manner. The 6FDRs were 
intended to present in situ data on the geomechanical behavior of the 
strata surrounding the underground openings along with visual 
observations of opening behavior and analyses of selected underground 
design elements. 

METHODOL06Y 

Design validation is accomplished by deten~ining the compatibi 1 ity of 
the design criteria. design bases and reference design using ·site 
specific information. The design validation process consists of three 
major steps: data collection; analysis and evaluation; and prediction 

·' 
of future behavior. 

The data collect~on program was designed to provide information on the 
geologic conditions encountered throughout the underground facility and 
on the structural behavior of the underground openings. The program 
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included geologic mapping. core drilling and logging. laboratory 
testing. visual inspections. and geomechanical instrumentation 
measurements. The data collected from these activities were analyzed • 
and evaluated to determine the behavior of the various components of 
the underground facility and predict their future behavior by 
projecting the results of both finite element model and regression 
analyses. 

The geomechanical instrumentation measurements provided in situ data on 
the behavior of the underground openings. These data were then used in 
empirical equations relating time and closure. Laboratory test results 
were used to calculate the salt creep and elastic parameters. Salt 
creep parameters were also determined by the regression analysis of in 
situ data. Long-term behavior of the underground openings was 
predicted by extrapolation of the results of the regression analysis. . . 

6£0L061C CHARACTERIZATION 

Geologic characterization of the WIPP underground openings began in 
June 1981. Data collection activities included geologic mapping. core 
drilling and logging. and fluid measurements. The SPDV exploratory 
shaft was mapped prior to selecting the storage horizon. The waste 
shaft was 111pped. first as the SPDV ventilation shaft and again after 

. it was enlarged to its final diameter. Geologic mapping was also 
·. 

conducted in the exhaust shaft. 

Geologic mapping of the horizontal openings was conducted during design 
validation. This mapping was performed primarily to determine 
stratigraphic continuity. Mapping was conducted along one wall of the 

·drifts to~the northern extent of the facility and along the full length 
of the south exploratory drift. Geologic mapping was also conducted to 
.the east and west facility boundaries in the experimental area and in 
the test rooms. 
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6eologic mapping confirmed the continuity of the stratigraphy within 
the horizontal openings to the facility boundaries. tore drilling and 
logging confirmed this stratigraphic continuity for a distance of 50 
feet above and below the facility level. The geologic mapping and core 
logging did not detect any significant geologic structures.. Data from 
the core holes were also used to establish the WIPP reference 
stratigraphy. 

Fluid inflow measurements were obtained by various activities designed 
to characterize the two water-bearing dolomite members of the Rustler 
formation and the potential for the occurrence of gas and brine at the 
facility level. Measurements in the three shafts showed that water 
inflow from the Rustler formation 1s essentially negligible due to 
liner and seal performance. 

Small amounts of pressurized gas have been encountered by some 
underground core holes. ·Brine has also been encountered in small 
quantities and is sometimes associated with gas occurrences. There has 
been no occurrent~ of gas · or brine in quantities significant enough to 
jeopardize the stability or safety of the facility. Two programs, the 
brine testing program and the gas testing program, are being conducted 
to further characterize these occurrences. Neither program is 
associated with design validation. 

Subsidence monuments have been installed on the surface over the shaft 
pillar area. The design criteria require that subsidence due to 
underground excavation not exceed 1 ~nch within a 500-foot radius of 
the waste shaft. It is not possible at this time to determine actual 
subsidence; this will occur over the next 25 years. Subsidence 
calculations used in the reference design indicate that the criteria 
limits Will not be exceeded • 
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C 6 SH SHAfr 

The c ' SH shaft consists of a lined section, a shaft key, an unlined • 
section and a shaft station. The shaft liner is 11ade of structural 

steel that increases in thickness with depth to withstand increasing 
hydros·tatic pressure. The reinforced concrete shaft key serves as a 
transition between the lined and unlined sections of the shaft. 
Chemical water seals behind the concrete key -are designed to prevent 
ground water from flowing behind the key, into the . unlined section of 
the shaft. The shaft station 1s excavated near the bottom of the 

unlined section. 

Validation of the C ' SH shaft reference design was accomplished by 
acquiring a variety of geotechnical data for analysis, evaluation and 
prediction of future behavior. The condition of the shaft liner and 
key are monitored by geonaechanical · instrumentation and visual 

inspections. Conve~ence points n~easure diametric closure; piezometers 
manito~ ground-water pressures; strain gauges and pressure cells 

monitor the effect of salt creep on the concrete key. Telltale pipes · 
in the shaft key provide information on the effectiveness of the 

chemical water seals. The unlined section of the shaft is monitored by 

extensometers and convergence points and is visually inspected for 

fracturing and rock slabbing. The shaft station has an extensive 

geomechanical instrumentation monitoring system and is inspected 
regularly. 

The design basis hydrostatic pressure is suitable. Piezometer 

measurements indicate that the hydrostatic pressure is currently much 
less than the design pressure. Analysis of the shaft key indicates 
that lat!ral pressure on the key at the end of the operating period 
will .be much less than the design basis lateral pressure requirement. 
Diametric closure of the key will be minimal. Computational analyses 

of stresses and strains indicate that the shaft will be stable and 

remain within the required safety limits during its operating life. 
Ana lysis of computed diametric closure near the bottom of the shaft 
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indicated-that, while the closure w111 be within the design criteria 

and design basis limits, the lower buntons will be impacted • 

~he shaft design complies with the design criteria requirements for 

ground-water control. Regular inspections of shaft conditions show no 

signs of deterioration or instability. 

The c & SH shaft station exhibits the highest degree of deterioration 

in the underground facility. The fracturing and separation observed 

has been stabilized, but will continue to develop. · Closure during the 

25-year operating life of the station will be on the order of 8 feet 

vertica11y and 5 feet horizontally. These conditions will require 

maintenance to ensure safety and to maintain the required mir.imum 

clearances for equipment and operations. 

WASTE SHAFT 

The waste shaft also consists of a lined section, a key, an unlined 

section and a shaft station. The shaft is ·lined with unreinforced 

.concrete from the surface to the top of the Salado formation. The 

shaft liner terminates with a reinforced concrete key at the 

Rustler/Salado formation contact. The shaft is unlined, except for 

wire mesh, from the key to the bottom of the shaft. 

Data collection activities in the waste shaft have consisted of 

geologic mapping, ground-water inflow measurements, geomechanical 

instrumentation measurements and periodic visual inspections. Except 

for convergent~ points, the geomechanica1 instruments are monitored 

remotely by the data1ogger. 

The waste shaft data was analyzed with respect to design parameters for 

each· component of the shaft. As part of the engineering analysis, 

predictions of future behavior were made for each of the components • 
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Stability of the shaft liner has been confi,.d. The water pressure 
exerted on it is significantly below the design hydrostatic pressure. 
If the pressure should reach the design hydrostatic pressure, the liner • 
will still be stable. The shrinkage cracks in the liner do not present 

a structural problem. 

The shaft key was designed to withstand a lateral pressure due to salt 
creep equivalent to SO percent of the vertical overburden pressure. A 
numerical analysis was utilized to simulate the long-term effect of 
salt creep on the concrete key. It showed that the computed lateral 
pressure at the end of the operating period will be slightly higher 
tha~ the design lateral pressure, but well below the total lateral 
pressure capacity of the key. 

Observations of the waste shaft key have determined that only one minor 
seep occurs in the key and that no water seepage ·is occurring ·from the 

. . 
base of the key. This supports the conclusion that the water seals are 
functioning, that no water is seeping along the concrete/salt contact, 
and that salt disso1ution is not occurring behind the key. 

The design crit~ria require that no uncontrolled ground water reach the 
facility level through the shafts. Although minor amounts of fly water 
do reach the facility, this water has a negligible impact on operations 

and does not affect validation of this criterion. 

The unlined section of the shaft was designed to be stable and maintain 
a diameter adequate for the operating life of the facility. The 
structural behavior of this section was analyzed using a finite element 
model and creep parameters determined from the C & SH shaft in situ 
data. . Jhe results indicate that the IIIXiiiUID stress occurred 
immediately after excavation and will decrease with time. Stress 
behavior will not cause a stability problem. Diametric closure due to 
salt creep will not exceed the design limits. 

-lo-

• 

• 



• 

• 

• 

The design of the waste shaft ·station is based primarily on operational 

parameters. The closure and stability of the station was evaluated 

using in situ data from the C & SH shaft · station. . The estimated 

vertical closure· rate will result in a total closure of over 7 feet 

du_ring the 25 year operating life of the station. Actual closure may 

be .less, but remedial work wi 11 sti 11 be required to maintain the 

proper clearances. 

EXHAUST SHAFT 

The exhaust shaft is constructed similarly to the waste shaft. It 

consists of a concrete 1 ined section, a shaft key and an unlined 

section. The lined section is constructed of unreinforced concrete and 

the shaft key ~f reinforced concrete. The unlined section contains 

only rock bolts and wire mesh. 

Data collection in the exhaust shaft has been on a much smaller scale 

than in the other two shafts. 6eomec:hanic:al instrumentation was not 

required by the original shaft design because geologic: and structural 

conditions were assumed to be similar to the other two nearby shafts. 

However, remotely monitored instrumentation has been installed to 

provide shaft-specific information for use in the sealing program. 

Geologic mappi.ng and visual inspections · have confirmed· that the 

geologic: and geohydrologic environment is similar to that of the other 

two shafts·. Data from these two shafts have been used to predict the 

.future performance of the exhaust shaft. 

6eohydrologic and geomec:hanic:al data from the C & SH shaft and the 

waste shaft have been compared to model simulations 

the exhaust shaft. These models, field 

instrumentation data confirm that the exhaust shaft 

suitable for its 25 year operating life. 

for each section of 

observations and 

reference design is 

The shaft liner is stable and has a water pressure against it that is 
less than the design basis hydrostatic· pressure. If the pressure 
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increases, the liner will remain stable. Shrinkage cracks will not 

result in structural instability. 

As with the waste shaft, an analysis of the exhaust shaft key indicates 

that the lateral pressure calculat~d for 25 years will slightly exceed 
the design lateral pressure, but will be well below the maximum 

allowable lateral pressure. Computational analyses of the stresses and 

strains indicate that the unlined section of the shaft wi 11 be stable 

and remain within safety limits during its operating life. The 

computed diametric closure will be within design criteria and design 

basis limits. 

Water is entering the exhaust shaft through cracks and construction 

joints in the concrete liner. A small amount of water still reaches 
the shaft even after a remedial grouting program. When the exhaust 

fans are on, this water evaporates before reaching the facility. The · 

water seals in the key appear to be functioning and there is ·no 

evidence of salt dissolution behind the key. 

DRIFTS 

The discussion of drifts contained in this section pertains to all 

horizontal underground openings except the shaft stations, test rooms, 
and storage area rooms and their associated drifts. The drifts were 

designed in accordance ·with the design criteria and design bases. The 
largest drifts were initially excavated 8 feet high and 25 feet wide. 

These drifts have been or will be enlarged to 12 feet high~ This drift 

height is dictated by the minimum 11-foot operating clearance required 

for the waste storage equipment. 

-1 

A variety of geotechnical activities were conducted to evaluate the 
behavior of the excavated drifts. These activities included geologic 
mapping, core drilling and logging, visual inspections, and 
geomechanical instrumentation measurements. 
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Visual inspections consisted of qualitative observations and 
documentation of various aspects of drift behavior. These observations 
are divided into four categories: roof and wall spalling; pillar 
fracturing; roof · displacements and separat;ons; and floor fracturing, 

displacements and separations. 

Deformational behavior consisting of spalling from the roof. and walls 
of the drifts and fracturing · and spalling at pillar corners has 
occurred. Separations and lateral displacements have been detected in 
the halite above the roof, primarily at clay seams. These types of 
behavior are expected and will continue to occur, b~t can be controlled 

by scaling and rock bolting. 

Fracturing has occurred in marker bed 139 (MB-139) and in the overlying 
halite beneath the floor of the drifts. The fracturing is not well 
developed and occurs primarily beneath large intersections. Based on 
experience in local potash mines, this fracturing is not expected to 

cause stability or operational problems • 

The comparison of measured closure behavior in drifts with different 
dimensions indicates that the maximum closure and closure rate will 
occur in 12 x 25-foot drifts. The closure rates are affected by the 
presence of nearby parallel drifts and crosscuts as well as differences 
in salt properties. Based on available measurement data and the 
results of modeling .analyses, the closure rate in the 13 x 25-foot 
storage area drifts may be 30 percent greater than that of a single, 

infinitely long drift with the same dimensions. 

Analyses of salt behavior around ·the 25-foot wide drifts has detenmined 
both th~ redistribution of stresses due to creep and the locations of 
effective creep strain concentrations. The stresses which develop 
immediately after excavation relax with time due to creep behavior and 
will not cause future stability problems. The strain will remain 
within . the limit required for structural stability with respect to 

catastrophic failure • 
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The evaluation of field observations and analytical results have shown 
that the design criteria were appropriate for design of the horizontal 
openings. The criteria identified as requiring specific evaluation 
were determined to be suitable. The reference desig~ for the 
horizontal openings is therefore validated. 

Based on the results of design validation of the drifts, it is 
reconrnended that all drifts be inspected frequently for operational 
clearance and safety. If the clearance is insufficient, the drifts 
must be trimmed to the required dimensions. Scaling and rock bolting 
should be performed where necessary for safety purposes. 

TEST ROOMS 

• 

The test rooms comprise a panel of four rooms having a similar 
configuration · as the planned storage rooms. They have been 
instrumented, observed and analyzed to evaluate the behavior of the 
future storage rooms. Data collection activities have consisted of 
geologic mapping, core drilling and logging, visual inspections and • 
geomechanical instrumentation measurements. The instrumentation 
includes borehole extensometers, inclinometers, convergence points, 
c~nvergence meters and rigid-inclusion, vibrating-wire stressmeters. 

Room deteriorat.ion has .been minimal and consists of spalling from the 
roof and walls, vertical fracturing in the pillars, minor displacements 
and separations above the roof and beneath the floor, and fracturing 
beneath the floor. Areas of drunmy rock detected by roof and wall 
inspections immediately following excavation were scaled and rock 
bolted. These areas have not increased noticeably in size since the .. 
test rooms were excavated, over 3 years ago. 

Subhor1 zonta 1 fractur1 ng has deve 1 oped beneath the test room floors. 
Separations and fractures are on a small scale except for one isolated 
location beneath Test Room 3. Fracturing in this area is well 
developed and occurs in two distinct zones. Studies have not shown 
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fracturing of · this magnitude to occur anywhere else within the 

underground WIPP facility • 

The analysis of closure of the test rooms using creep constants derived 

from laboratory data underestimate actual closure. The design criteria 

closure of 12 inches in 5 years has been exceeded within 3 years. 

Strains measured in the test rooms compare well with strains computed 

by numerical modeling. 

STORAGE AREA 

The storage area rooms and drifts are designed to permit the permanent 

storage of defense-related CH and RH TRU waste. The storage area is 
composed of eight panels consisting of seven rooms .each. Each room is 

13 feet high. 33 feet wide and 300 feet long. The storage area. 

including all rooms and drifts. is designed to provide storage space 

for 6.330.000 cubic feet of CH TRU waste and 1.000 canisters of RH TRU 

waste • 

Validation of the storage room reference design depends primarily on 

the analysis of data from the · four test rooms. Evaluation of the 

storage rooms was based on the results of a finite element model 

analysis using creep parameters determined from the test room 

analyses. The results of this analysis provided determinations of 

horizontal and vertical stresses. effecti_ve stresses. effective creep 

strains. principal stresses. . room deformation and closure. a.nd 

intersection closure. 

The analyses show that the stress arch around the opening migrates away 

with time. The maximum stress occurs immediately after excavation and 
' ·' 

is reduced as the opening deforms over time due to salt creep. These 

stresses will therefore not cause a stability problem in the futur-e. 

However. MB-139, the anhydrite bed approximately 4 feet below the 

floor. is expected to be subjected to gradually increasing stress and 

may exhibit local failure • 
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Effet"t1ve creep strains will -intensify and concentrate at some 

locations around the opening. While minor spalls and failures are 

expected to occur on the excavation surfaces, the rooms will remain 

structurally stable. 

The storage room reference design of 13 feet high and 33 feet wide was . 
based on calculations using . laboratory-derived average creep 
parameters. This design allowed for 12 inches of vertical closure and 
9 inches of horizontal closure 5 years after excavation. This 
acconmodates the design bases requirements for a miniiDUID of 16 inches 
of ventilation space above the stored waste and a 12-foot minimum 
height for storage equipment. The current predicted vertical closure 

at 5 years is about 22 inches. For permanent storage, the additional 

10 inches of closure can be acc011110dated by excavating the storage 

rooms to a height of 13 feet 10 inches. 

If a decision is made to retrieve the stored waste, the design criteria 
assumed, using a one-shift-per-day basis, that a room may be as much as 

15 years old before removal of all of the waste is completed. A 
15-year old room has a predicted vertical closure of 54 inches. This 
closure is 14 inches greater than the maximum acceptable closure and 
would result in crushing and possible breaching of the waste 

· containers. Because this is not in compliance with the design 

criteria, other alternatives must be considered. 

A 10 year maximum for retrieval is conservative. If three shifts per 

day were utilized, no room would be older than 7 years by the time its 
waste was removed. A 7 year old room would have 28 inches of vertical 

closure. Additional closure benefits can be gained by excavating a 
·room to . is 111ximum dimensions and then trianing_ the room to those 
lllilximum dimensions after 1 year of closure. This will allow the room 
to close at the rate determined by secondary creep and will result in 
21 inches of vertical closure 7 years after trinming. This will meet 
the design criteria requirements. 
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The-- design bases provide for "9 inches of horizontal closure in the 
first 5 years after room -excavation. The current prediction, based on 

in situ data, is 15 inches of closure in the 33- to 34-foot wide 
rooms. If the rooms are excavated 34-feet wide and backfilled with 

loose salt, this closure wiH be suitable for pen~~nent storage. 

For retrieval, the horizontal closure 15 years after excavation will be 
approximately 36 inches. This closure will result in some crushing and 
possible breaching of the waste containers. · Even if retrieval is 

effected within 7 years, some containers may still be crushed and 

breached. 

The timing of retrieval operations and two-stage excavation can be used 

to reduce wall-to-wall closure. Using a three-shift-per-day basis, a 7 
year old room would close approximately 20 inches. If a first in/first 
out storage and retrieval operations is utilized, and waste is removed 
before a room reaches an age of 6 years, horizontal closure will be 
reduced to 18 inches. Both these changes would decrease the possiblity 
of crushing or breaching the containers. If a 34-foot wide room is 

trinmed after 1 year to its initial full dimensions, the horizontal 
clos~re at 7 years will be about 14 inches. This will further minimize 
crushing or breaching of the containers. The extent to which crushing 
will be minimized is unknown. This is because the space between the 
waste canisters and the room wall will be filled with loose salt. The 
load transferring capabilities of the backfill is not known at the 

present time. 

The reference design also provides for pen~~nent waste storage in all 

of the storage area drifts. Fifteen years after excavation a 13 x 

25-foot drift is predicted to have a vertical closure of about 25 
~ 

inches and a horizontal closure of about 20 inches. This is suitable 
for waste storage but trimming will be required for equipment clearance. 

The storage area entry drifts will contain plugs for the isolation of 
the storage panels. The final design of these plugs is not yet 
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complete. However. the conceptual design envisions a multiple-

component plug approximately 100 feet long. • 

The reference design for the storage rooms will be considered to be 
validated when any of the following recommended alternative 

modifications. or combination of these modifications. are incorporated: 

(1) Maintain the reference desig~ storage room dimensions of 13 

to 14 feet high and 33 to 34 feet wide and maintain the salt 
backfill. but reduce the volume of waste to be stored and 
modify toe container stacking configuration. for the 5-year 
demonstration period. Revise the design criteria to require 

that waste be retrieved before a room exceeds an age of 7 

years. This will meet the criteria that the waste containers 

not be crushed or breached. but it will require a significant 
number of additional storage rooms. 

(2) Maintain the reference design storage 

maintain the p 1 anned waste vo 1 ume. 
criteria to delete .the requirement for 

room dimensions and 

Revise the design 
salt backfill and to 

require that waste be retrieved before a room exceeds an age 

of 7 years. This will meet the criteria that the waste 
containers not be crushed or breached without requiring 
additional stor3g& rooms·. 

(3) Maintain the reference design storage room dimensions. 

planned waste volume. and salt backfill requirement. Revise 
the storage operations so that the first-emplaced waste 1s 

the first-retrieved waste with retrieval effected before the 
-1 

room exceeds 6 years of age. · Excavate the room to 14 x 34 

feet. then. 1 year later. trim the room to 1ts initial 14 X 
34 foot dimensions. This will minimize container crushing 
and breaching. More storage rooms will be utilized during 
the 5-year demonstration period. but the total number of 

rooms will remain the same . as provided by the reference 
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design. ·This modification will require changing the design 

criteria to allow crushing and breaching of the CH waste 

containers prior to retrieval and to require a demonstration 

of the retrieval and handling of crushed and breached 

containers. 

(4) Reduce the reference design storage room width from 33 feet 
to 28 feet, maintain the room height at 13 to 14 feet, and 

reduce the pillar width to 84 feet. Maintain the first room 

for RH waste emplacement at the original reference design 

dimensions. Reduce the planned waste volume and maintain the 

salt backfill requirement. Excavate the rooms to 14 x 28 

feet, then trim them to this dimension after 1 year. Use a 

first-in/first-out storage operation. This will reduce the 

creep to approximately that of a 13 x 25-foot drift. 

Stability will be enhanced and crushing_and breaching will be 

minimized. The volume of excavation will be approximately 

the same as for the reference design storage rooms, but with 

the advantage of a lower creep rate. If this alternative is 

selected, additional engine~ring evaluation will be required. 

(5) Maintain the reference design storage room dimensions, ·the 

planned waste volume, the salt backfill requirement, and the 

reference design optimized excavation and storage plan. 

Revise the design criteria, as in alternative number 3, to 

allow crushing and breiching of the CH waste containers prior 

to their retrieval. Require a demonstration of the retrieval 

and handling of crushed and breached containers prior to the 

receipt of waste. This will not only demonstrate the safe 

retrieval of waste during the 5-year demonstration period, 

but also during permanent storage • 
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In addition to these recommended alternative modifications. 
following modifications are recommended: 

the 

(6) The drifts used for storage will require maintenance and 
trinning to acconnodate the required equipment and storage 
clearances. Their closure rates are not critical for storage 
because they will be used only for permanent storage near the 
end of the permanent storage per.iod. 

(7) Add add1t1ona1 rooms to compensate for the space occupied by 
the plugs in the storage area entry drifts. 

(8) Install instrumentation in the storage rooms to obtain in 
situ data to monitor storage room behavior. 

.. 
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Table I 

EVALUATION RESULTS FOR ABRID6ED DESI6H CRITERIA 

Page 1 of 7 

ELEMENT 
RESULT AND 

CHAPTER REFERENCE 

(1} Facility design 

a. Designed for an operating· life of 
25 years. 

b. Underground facilities and equip
mentshall be designed to be com
patible with retrieval operations 
for all contact-handled (CH} and 
remote-handled (RH) TRU waste, 
with a retrieval decision to be 
made within 5 years after the 
intial emplacement of each species. 

c. The facility will be decommis
sioned after it has fulfilled its 
intended purposes. This will 
include backfilling the under
ground facilities, sealing the 
shafts and decommissioning the 
surface facilities. 

· (2) CH TRU waste ** 

a. Estimated annual volume is 500,000 
cubic feet. 

b. Estimated volume at the end of the 
5 year retri.eval decision period 
is 1,410,000 cubic. feet. 

c. Estimated total storage capacity 
is 6,330,000 cubic feet. 

d. Heat generated from the waste is 
.• negligible; it will be less than 

10 ail11watts for average drums, 
less than 20 ailliwatts for 
average boxes, and 10 watts for 
few drums containing heat source 
plutonium. 

* Indicates element for which evaluation is not required. 
** See Foreword • 
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Table I (continued) 

EVALUATION RESULTS FOR ABRIDGED DESIGN CRITERIA 

Page 2 of 7 • 
RESULT AND 

ELEMENT CHAPTER REFERENCE 

e. Estimated annual quantities are * 
9,616 six-packs and 2,404 modular 
steel boxes. 

f. Estimated total quantities are * 
121,700 six-packs and 30,430 
modular steel boxes. 

. 
·g. Underground facilities and equip- Suitable 

ment shall be designed to provide 12.6.1 
for a determination to effect 12.6.2 
retrieval of waste stored for a 
period up to 5 years after the 
initial emplacement and for a 
target of 5 to 10 years to reach 
the waste and retrieve it after . 
the decision is made. 

(3) RH TRU waste**' • a. Assumed total receipt of 1,000 * 
cansisters. 

b. Assumed maximum receipt rate of * 
two canisters per day and 250 
canisters per year. 

c. If assumed quantities a~ insuf- * 
ficient, additional RH waste 
storage will be accommodated 
within existing storage roams. 

d. Heat generated from the waste is * 
on the order of 60 watts per 
canister. 
~ 

e. Access shall be available to all Suitable 
emplacement positions throughout 12.3.3 
the retrievability period. 
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Table 1 (continued) 

EVALUATION RESULTS FOR ABRID6ED DESI6H CRITERIA 

ELEMENT 

f. When both CHand RH waste are 
s.cheduled for the same room. the 
RH waste shall be emplaced first. 
After the 5 year retrievability 
period has ten~inated. CH waste 
may be emplaced in that -room. 

(4) Shaft design 

a. Shafts shall be designed to be 
structurally stable throughout the 
operating life of the underground 
facility and the decommissioning 
period. 

b. Time-dependent closure of shafts 
due to salt creep shall be con
sidered. Shafts shall be designed 
so that.minimum dimensions re
quired for shaft functions are 
maintained during design life. 

c. &round-water flow into the shafts 
shall be controlled so that no 
uncontrolled ground water reaches 
the storage horizon via the shafts •. 

(5) Shaft liner desi~n 

a. Help ensure that dimensions remain 
within limits required for shaft 
functions. 

b. Prevent ground-water flow into the 
shaft. · 

c. Protect wall rock from deterior
ation • 
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RESULT AND 
CHAPTER REFERENCE 

* 

Suitable 
7 .4.1 
8.4.1 
9.4.1 

Suitable 
7 .4.1 
8.4.1 
9.4.1 

Suitable 
7.4.1 
8.4.1 
9.4.1 

* 

Suitable 
7 .4.1 
8.4.1 
9.4.1 

* 



Table I {continued) 

EVALUATION RESULTS FOR ABRIDGED DESIGN CRITERIA • Page 4 of 7 

RESULT AND 
ELEMENT CHAPTER REFERENCE 

d. Preclude risk of rock fall from * 
shaft wall. 

(6) Mine design 

a. The underground openings shall be Suitable 
designed so that deformation of 7.4.1 
excavations and pillars will 8.4.1 
remain within limits required for 10.4.1 
strUctural function, ventilation 
and safety. 

b. Rock bolts shall be used where * 
necessary to provide positive 
support of roof and walls. 

c. Surface subsidence resulting from suitable 
underground excavation shall not 6.5 
exceed 1 inch w1thin a 500-foot • radius of the waste shaft. 

d. Excavations and pillars shall be Suitable 
located and dimensioned to avoid 3.4 
geologic discontinuities. If dis- 6.3.1.2 
continuities are encountered, re- 6.3.3 
medial action shall be engineered 
to correct the prob 1•. 

e. Design shall be based on estab- * 
lished mining procedures. 

f. Predicted behavior of the salt * 
shall be verified by in situ 
testing {SPDV) before proceeding 
~ith construction of the storage 

I 

area. 

g. Designed to accommodate creep Suitable 
closure and maintain the minimum 10.4.1 
dimensions required for the oper- 12.6, 1 
ating· life of the opening. 

• 
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Table t (continued) 

EVALUATION RESULTS FOR ABRIDGED DESIGN CRITERIA 

ELEMENT 

h. Creep closure rates used for 
design shall be confinmed by in
strument observations in the 
excavations. 

i. Excavation dimensions shall in
clude allowance for creep closure 
sufficient-to prevent container 
breaching by creep-induced 
stresses during the retrievability 
period. 

j. Minimize the potential for reposi
tory rock fracturing. 

k. Underground waste storage pro
cedures shall include a designed 
backfill plan for fire protection. 
The backfill thickness shall be 1 
to 2 feet. 

1. Permit isolation of panels of 
rooms with plugs after storage and 
backfilling are completed. 

m. Air locks, dampers, regulators and 
doors shall be designed and in
stalled in such a manner that they 
can accommodate creep without i~ 
pai~nt to their ability to main- · 
tain ventilation separation. 

(7) Emplacement criteria 

a. The underground storage rooms and 
.. access drifts shall be designed to 

be compatible with the waste 
transport vehicle, with waste con
tainer sizes, shapes, weights and 
stacking configurations, and with 
waste emplacement equipment • 

-25-

Page 5 of 7 

RESULT AND 
CHAPTER REFERENCE , 

Suitable 
11.3.2 
12.3.2 

Suitable 
12.6.1 
12.6.2 

Suitable 
11.4 .1 

Suitable 
12.6.1 

Suitable 
12.6.1 

* 

Suitable 
12.6.1 



Table I (continued) 

EVALUATION RESULTS FOR ABRIDGED DESIGN CRITERIA • Page 6 of 7 

t: RESULT AND 
ELEMENT CHAPTER REFERENCE 

b. Provisions shall be made to accom- Suitable 
modate backfilling over and around 12.6.1 
CH waste containers. 

c. Each storage panel shall have pro- Suitable 
visions for being isolated from 12.6.1 
other panels upon completion of 
storage operations in that·panel. 

(8) Retrievability 

a. All wastes placed into the WIPP Suitable 
are retrievable, with retriev- 12.6.1 
ab111ty to be demonstrated, until 
such time as the pilot plant is 

12.6.2 

converted to an operational repos-
itory for pe~nent disposal of 
wastes. 

b. Each storage room shall allow for. Suitable • salt creep and shall .be sized to 12.6. 1 
minimize breaching of the CH waste 12.6.2 
containers for a period of 10 
years. 

(9) Underground excavation and haulage 

a. Mining shall be perfon.ed w1th * 
continuous miners or equivalent 
.achine type devices. Drill and 
blast-type mining shall be pro-
hibited except where authorized. 

b. Underground design shall provide Suitable 
.aximum stability for excavated 7 .4.1 
rooms and entries. 8.4.1 

10.4.1 
, .4., 
12.6.1 

• 
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Table 1 (continued) 

EVALUATION RESULTS FOR ABRID6ED DES16H CRITERIA 

ELEMENT 

c. Meet or exceed the intent of the 
applicable requirements of the 
MSHA in 30 CFR 57.9 and the New 
Mexico Mine Safety Code for ·All 
Mines. · 

-27-
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RESULT AND 
CHAPTER REFERENCE 

* 



Table II 

EVALUATION RESULTS FOR C ' SH SHAFT DESIGN BASES • RESULT AND 
ELEMENT CHAPTER REFERENCE 

{1) Shaft liner 

a. Hydrostatic pressure is · considered Suitable 
to start 250 feet below the ground 7.4.1 
surface and extend to the top of 
the key. 

b. Water shall be prevented from Suitable 
flowing down the unlined shaft 7.4.1 
fro. behind the liner. 

(2) Shaft key 

a. Key shall be designed to resist Suitable 
the lateral pressure from the 7.4.1 
salt. (Assumed to be 75 percent 
of the overburden pressure.) 

b. Key shall be designed to resist Suitable 
the hydrostatic pressure from 7 .4.1 • above the salt. 

(3) Unlined section 

Provide 11-foot 8-inch diameter to Suitable 
allow for future salt creep deforma- 7 .4.1 
tion. 

• 
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T-able 111 

EVALUATION RESULTS FOR WASTE SHAFT DESIGN BASES 

ELEMENT 

(1) Shaft liner 

Hydrostatic pressure is considered to 
start 250 feet below the ground 
surface and extend to the top of the 
key. 

(2) Shaft key 

Design lateral pressure shall be 50 
· percent of the vertical pressure due 
to soil, rock and salt overburden. 

(3) Unlined section 

Provide 20-foot diameter to allow for 
future salt creep deformation. 

. .. 

-29-

RESULT AND 
CHAPTER REFERENCE 

Suitable 
8.4.1 

Suitable 
8.4.1 

Suitable 
8.4.1 



Table IV 

EVALUATION RESULTS FOR EXHAUST SHAFT DESIGN BASES 

ELEMENT 

(1) Shaft liner 

Hydrostatic pressure is considered 
to start 250 feet below the ground 
surface and extend to the top of the 
key. · 

(2) Shaft key 

Design lateral pressure shall be SO 
percent of the vertical pressure due 
to soil. rock and salt overburden. 

(3) Unlined section 

Provide 15-foot diameter to allow for 
future·salt creep deformation. 

-30-

RESULT AND 
CHAPTER REFERENCE 

Suitable 
9 .4.1 

Suitable 
9 .4.1 

Suitable 
9 .4.1 

• 

• 

• 



Table Y 

EVALUATION RESULTS FOR STORAGE AREA DES16H BASES 

• RESULT AHD 
ELEMENT CHAPTER REFERENCE 

(1) Operational requirements 

a. The storage area rooms. drifts and Suitable 
crosscuts shall be designed to 12.6.1 
allow for retrieval of all CH and 12.6.2 
·RH waste stored for a period of up 
to 5 years after the initial em-
placement of each waste species. 

b. Excavation dimensions in the waste Suitable 
storage area shall be to a uniform 12.6.1 
height of 13 feet. 12.6.2 

(2) Essential features 

Provide 1 foot vertical and 9 inches Suitable 
horizontal allowance for creep closure 12.6.1 
to maintain the minimum design 12.6.2 
dimensions up to 5 years after initial 
emplacement • 

• (3) Safety design requirements 

A minimum opening of 16 inches shall Suitable 
be left at the top of· the rooms and 12.6.1 
drifts for air passage above the waste 12.6.2 
and backfi 11. 

• -31-



Table VI 

EVALUATION RESULTS FOR DESIGN CONFIGURATIONS • Page 1 of 2 

RESULT AND 
ELEMENT CHAPTER REFERENCE 

(1) c ' SH shaft 

a. Provide 5/8 to 1 1/2-i nch thick Suitable 
and 10-foot I.D. stiffened stee1 7.3.2.1 
liner in upper 846 feet. 7.3.3.1 

b. Provide 30-inch thick, 10-foot Suitable 
I.D. and 39-foot long concrete key 7.3.2.2 
at rock/salt interface. 7.3.3.2 

c. Provide 11-foot lD-inch diameter Suitable 
unlined shaft below the key. 7.3.2.3 

7.3.3.3 

d. Provide 17-foot high and 32-foot Suitable 
wide station. 7.3.2.4 

·7.3.3.4 

(2) waste shaft • a. Provide 10 to 2D-inch thick and Suitable 
19-foot I.D. concrete liner in 8.3.2.1 
upper 837 feet. 8.3.3.1 

b. Provide 51-inch thick, 19-foot Suitable 
l.D. and 63-foot long concrete key 8.3.2.2 
at rock/salt interface. 8.3.3.2 

t. Provide 20-foot diameter unlined Suitable 
shaft below the·key. 8.3.2.3 

8.3.3.3 

d. Provide 17-foot high and 30-foot Suitable 
wide station. 8.3.2.4 

8.3.3.4 
~ 

(3) Exhaust shaft 

a. Provide 10 to 16-inch thick and Suitable 
14-foot I.D. concrete liner in 9.3.2.1 
upper 844 feet. 9 .3.3.1 

• -32-
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Table VI (continued) 

EVALUATION RESULTS FOR DESI&N CONFI6URATIONS 

ELEMENT 

b. Provide 42-inch thick. 14-foot 
1.0. and 63-foot long concrete key 
at rock/salt interface. 

c. Provide 15-foot diameter unlined 
shaft below the key. 

(4) Storage area 

a. Provide 13-foot high and 25-foot 
wide or smaller drifts. 

b. Provide 13-foot high and 33-foot 
wide storage rooms. 

-33-

Page 2 of 2 

RESULT AND 
CHAPTER REFERENCE 

Suitable 
9.3.2.2 
9.3.3.2 

Suitable 
9.3.2.3 
9.3.3.3 

Suitable 
12.6.1 
12.6.2 

Suitable 
12.6.1 
12.6.2 
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-tHAPTER 1 

-·· INTRODUCTION 

1.1 PURPOSE 

This report presents the results of validation of . the underground 

opening reference design for the waste Isolation Pi lot Plant (WIPP). 

The basis for the report is defined in the Design Validation Plan (ref. 

1-1) which. in part. includes certain data requirements defined in the 

Stipulated Agreement (ref. 1-2) reached between the U.S. Department of 

Energy (DO£) and the State of New Mexico on July 1. 1981. 

Design validation of the WIPP is defined as the process by which the 

reference design of the underground openings is confirmed by 
determining the compatibility of the design criteria. design bases and 

reference design configurations using site specific information. The 

design validation process consists of an assessment of the condition 

and -behavior of shafts. drifts and a full-sized. four-room test panel 

excavated during an initial stage known as the Si~e and Preliminary 

Design Validation (SPDV) Program and during full WIPP construction • 

Based on this assessment of these excavations. and on predictions of 

their future behavior. any modifications to the design criteria. design 

bases or design configurations required . to achieve a validated 

reference design will be developed. In addition. the validated 

reference design may be modified in the future as still more data and 

experience ire gained during a 5-year demonstration period (period 

during which all waste must be retrievable) and permanent storage 

operations. 

In fulfilling the data requirements for design validation. this report 

provides documentation of actual underground conditions encountered as 

they relate to the design criteria. design bases and design 

configurations for the reference design of the underground openings. 

The contents of this report include all relevant data and field 

observations acquired for design va1idati1)n. The underground openings 

excavated to date provide a firm basis for evaluation of the current 

and expected future behavior of the underground development. 
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The purpose of design validation 1s to: 

o validate the underground reference design, thus providing • 
confidence in the safety and stability of the WIPP underground 
openings; 

o confirm the suitability of the design criteria, design bases 
and design configurations established specifically for the 
reference design of the underground openings; 

o re-confirm and expand upon the conclusions of the SPDV Program; 

and 

o comply with the DOE agreement with the State of New Mexico to 
validate the reference design of the WIPP underground openings. 

This process was initially described in the WIPP Preliminary Design 
Validation Report (ref. 1-3) issued in March 1983. That report 
presented the results of a preliminary evaluation of the underground 
opening reference design based on activities conducted during the SPDV 
phase of underground development. That initial report was prepared in 
response to conditions contained in the Stipulated Agreement 
(Appendix A) between the DOE and the State of New Mexico which 
permitted a preliminary evaluation of design considerations at an early 
stage in underground development and allowed for any reference design 

·110d1fications deemed necessary for full WIPP construction. The !UH 
Design Validation Final Report (this report) 1s an extension of the 
preliminary report and presents further confirmation of the reference 
design based on additional data collected since completion of the SPDV 

. Program i~ both old and new areas of underground excavation. 

The WIPP Design Validation Final Report presents: 

o a summary of the background and development of the WIPP 
reference design; 
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o the design criteria and design bases used to develop the 

reference design for the underground openings; 

o geologic characterizations of the shafts, drifts and test rooms; 

o the methodology used for data collection, its analysis and 
evaluation, and the predictions of future behavior of the 
underground openings; 

o the description of data collection activities in the shafts, 
drifts and test rooms; 

o analyses and evaluations of the geologic behavior of the rock 
strata surrounding the shafts, drifts and test rooms based on 

visual inspections and geomechanical instrumentation 

measurements; 

o predictions of expected future conditions of the underground 
openings based on model simulations using ~n situ data; 

o an assessment of the suitability of the design criteria and 
design bases and validation of the reference design 
configurations, with recomendations for design modifications, 
if any; 

o recommendations for operation . and maintenance of the 
underground facility as they pertain· to design validation; and 

o all data and reference sources that support design validation. 

1.2 SCOPE 

Desi-gn validation . of the WIPP underground openings has been 
accomplished through an assessment of their safety, stability and 
predicted future behavior. Observation and instrumentation data 
consistent with the Design Validation Plan objectives have been 
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collected and evaluated for each of the major design elements: shafts, 

drifts and test rooms. 

Initial analyses and evaluations of the underground data obtained for 
design validation were provided in the WIPP Preliminary Design 
Validation Report. The WIPP Design Validation Final Report presents 
the results of activities whose objectives are outlined in the Design 
Validation Plan. These activities included field data collection and 
analyses of these data to determine the validity of the reference 

design. 

Basically, four types of information were gathered for design 

validation. These are: 

(1) observations of the behavior of the underground openings; 

(2) descriptions of the geologic conditions encountered during 
underground construction; 

• 

(3) descriptions of core samples from instrumentation and other • 
holes in the roof and floor of the underground openings; and 

(4) data from installed geomechanical instrumentation. 

Field tasks performed to gather this information included the following: 

o establishment of survey control for underground excavations and 
reference points for geologic mapping; 

o development of procedures and standards for activities such as 
-4 • 

geologic mapping/logging of underground excavations; 

o geologic mapping in the shafts and horizontal openings; 
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o ~ination and logging of rock cores from boreholes to obtain 

geologic infoMmation; 

o observation and measurement of ground-water flow into the 

shafts; 

o measurement of hydrostatic and lateral pressures on the shaft 
liner and shaft key; 

o monitoring the floor height of horizontal openings above the 
top of marker bed 139 (MB-139) and the height of clay seams 
above the roofs using core hole data; 

o measurement of closure in the shafts and horizontal openings; 

o determination of the presence of gases and fluids; 

o survey of shaft verticality; and 

o examination of all surfaces of underground openings for 

displacement of clay seams. fracturing. roof sagging, floor 
heaving. or other occurrences that may indicate unstable 
conditions. 

1.3 HISTORICAL BACKGROUND 

The WIPP is being developed by the DOE as a research and development 
(R & D) facility to demonstrate the safe disposal of radioactive 
waste from u.s. defense programs. The facility is located in 
southeastern New Mexico, about 25 miles east of the city of Carlsbad 
(Figure-! 1-1). The underground development level 1s at a depth of 
appr.oximately 2.150 feet in thick deposits of bedded salt. The 
facility will include space for the permanent storage of defense 
related transuranic (TRU) waste and for in situ experiments addressing 
technical issues for high-level defense waste programs. The WIPP's 
phased design and construction resulted in initial confirmation of the 
underground opening reference .design through the SPDV Program. Design 
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validation w111 provide confirmation of the decision to continue 

faci lfty construction with subsequent in situ experiments and defense 

TRU waste storage. 

The WIPP project is the result of waste management program efforts that 

were started by the U.S. government as long ago as 1955 when the U.S. 
Atomic Energy Commission {AEC) requested that the National Academy of 

Sciences (NAS) evaluate methods for disposing of radioactive waste in 

geologic formations. The NAS reconnended bedded salt as the geologic 
fonuation providing the highest confidence for long-term isolation of 

waste from the biosphere. As a result of these efforts, the DOE 

(formerly the AEC) initiated the WIPP program in 1975. The major 
accomplishments of the program are listed in Table 1-1 • 

. 
Assessments that pertain to design of the WIPP include extensive 

analyses of the impact of the facility on present and future 

environments. A Final Environmental Impact Statement {FEIS) (ref. 1-4) 

was prepared which provides information about the environmental and 

safety .consequences of t~e WIPP project. A Safetv Analysis Report (SAR) 

(ref. 1-:5) was also prepared to support construction and operation of 

the WIPP. The SAR addresses all aspects of industrial and nuclear 

safety of the project and is updated periodically. 

The WIPP is being developed in phases. At the time this report was 

prepared, most of . the site characterization, design and supporting 

technological development had been done. The engineering design of the 

underground openings began with a conceptual design followed by a 

· preliminary design and finally a detailed reference design. Facility 

development at the site began with the SPDV Program which allowed direct 

observation of the underground facility geology through two shafts and . ... 

associated underground drifts. This program provided data for 

preliminary evaluation and confirmation of the reference design of the 

proposed underground excavations. Design and construction of the 

surface facilities have proceeded virtually independent of the 
underground opening design validation and are not addressed in this 
report • 
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Table 1-1 

MAJOR ACCOMPLISHMENTS OF THE WIPP PROGRAM • DATE DATE 
ITEM STARTED COMPLETED 

(1) National Academy of Sciences recommends 1957 
salt as best geologic formation for 
disposal of nuclear waste. 

(2) Salt deposit studies conducted in New 1972 1975 
Mexico by U.S. Geological Survey and 
Sandia National Laboratories. 

(3) Conceptual design of the WIPP. 1975 1977 

(4) Characterization of the WIPP site. 1975 1983 

(5) Public law authorizes capital funding 1977 
for the WIPP. 

(6) Title I - Preliminary design of the WIPP. 1n8 1/80 

(7) Safety Analysis ·Report issued for the WIPP. 2/80 

(8) Final Environmental Impact Statement 10/80 
issued for the WIPP. • (9) SPDV Preliminary Design Validation Program. 7n.9 3/83 

(10) Detailed design for Site ·and Preliminary 1n9 10/80 
Design Validation (SPDV)~ 

(11) ·sPDV Site Validation Experiments Program. 8/80 3/83 

(12) Title II - Detailed design of the WI~P. 2/81 2/84 

(13) Construction of SPDV shafts. 5/81 3/82 

(14) Design validation. 4/81 10/86 

(15) SPDV shaft outfitting and test room 10/81 7/83 
deve.l optaent. 

-1 

(16) Authorization for full WIPP construction. 7/83 
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1.4 THE WIPP MISSION 

The authorized mission for the WIPP emphasizes its role as an R & D 

facility to demonstrate safe disposal of radioactive waste from U.S. 

defense programs. Its mission is also to provide informat;on from site 

characterization. laboratory experiments. geomechanical instrumentat;on 

and in situ tests which can be used to develop performance-assessment 
models for technological applications. Figure 1-2 shows the 

underground layout of the three R & D areas at the WIPP. 

The WIPP R & D Program consists of three major program areas: 

(1) site characterization and evaluation; 

(2) repository development and.operation; and 

(3) waste package interactions. 

In addition to providing for the permanent storage of defense related 

TRU waste. these pTOgram a~as include technology development in waste 

isolation. in situ· tests without radioactive material. and in situ 

tests with radioactive material. The WIPP will also serve as a 

laboratory for exper;ments with high-level defense waste. All 

high-level wastes will be removed from the WIPP at the conclus;on of 

the testing period. These in situ waste experiments and associated . 

activities are not part of design validation and, therefore, are not 

discussed in this report. An initial description of the in situ 

testing plan for the WIPP .R & D Program was prov;ded in Sandia 

National Laboratories• (SNL) Report 2628 (ref. 1-6). 

1.5 DESIGN VALIDATION PROGRAM 
• -1 

Validation of the WIPP facility underground reference design is based 

on a strategy consisting of a detailed plan and approach for validating 
major reference design elements. A description of this strategy is 
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contained in the document titled Design Validation Strategy (ref. 
1-7). The elements comprising the strategy for design validation are: 

(1) Identify the design approaches and construction activities 

for the underground openings. 

{2} Identify the design criteria, design bases and design 
configurations to be validated. 

(3} Develop the methodology for validation. 

(4} Acquire data on the underground development level from core 
samp 1 es, geo 1 ogi c mapping, laboratory tests, in situ tests, 
visual observations and mines in similar geologic formations. 

(5) Synthesize the data obtained from the activities in element 4 
to define the geologic environment of the facility level. 

(6) Evaluate in situ geomechanical instrument measu~ents and 
visual observations to determine the response of the geologic 
materials to changes resulting from excavation or other 

disturbances. 

(7) Predict the future behavior of the underground openings and 
salt surrounding the openings based on current in situ 
.easurements, visual observations and computational analyses. 

(8) Provide for comparisons of predicted and existing conditions 

at regular time intervals. 

• .J 

(9) Document design validation results and conclusions. 

(10) Provide recommended design modifications as required. 

(11) Provide data and reference sources to support the performance . 
o.f the above activities • 
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·oesign validation efforts for the WIPP began with the SPDV Program. 
This program i nvo 1 ved the excavation of underground openings, shafts, 
drifts and test roams, representative of the full WIPP facility. These 
underground openings penmitted the direct examination of geologic 
features and material behavior ·at the facility level. Additional 
observations and geomechanical instrumentation measurements were 
obtained following completion ·of . the . SPDV Program to complete the 
design validation program. A brief description of the design 
validation program is presented in the following subsections. 

1.5.1 Site and Preliminary Design Validation CSPDV) 

The SPDV Program was designed to further characterize and validate the 
WIPP site geology and provide preliminary validation of the underground 
opening reference design. The SPDV Program was composed of two 

integrated parts: 

(1) site validation (ref. 1-8) to increase confidence in the 
process of site characterization and qualification; and 

(2) preliminary design validation to assess the condition and 
behavior of excavated shafts, drifts and a full-sized, 
four-room test panel similar to those planned for the waste 
storage area. 

The general SPDV underground layout is ·shown on Figure 1-3. The 
underground development level is located in Zone II, a · WIPP site 
contra 1 . zone that de 11 neates the 1 imi ts of underground storage. A 
preliminary design validation report was issued on March 30, 1983. 
This ~P~rt presented the results of early observations and analyses of 
the condition and behavior of the SPDV excavations and is discussed in 
Chapter 4. 
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ZONE II 
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" 
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633ft 

3264 ft 
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I 
I 
1- SOUTH EXPLORATORY 
I DRIFT(& X 25 ft) 

I 

""'----' 

F1qure 1-3 

THE SPDV UNDERGROUND LAYOUT 
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1.5.2 Design Validation 

Major activities related to design validation are cited in Table 1-2 • 
As indicated by this table, field data collection activities that began 
with the SPDV Program were continued beyond the end of the program to 
provide additional data for design validation. The design validation 
process includes the evaluation and analysis of data obtained by these 
activities. The results of these evaluations and analyses have been 
presented in quarterly geotechnical field data reports (GFDR), each of 
which presents a discussion of different selected elements of the WIPP 
underground development. These reports provide supporting 
documentation for the WIPP Design Validation Final Report and are 

discussed in Chapter 4. 

Scne of the field data collection activities shown in Table 1-2 wi 11 
continue after submittal of the WIPP Design Validation Final Report and 
beyond the completion of full WIPP construction. Collection of this 
data -will provide additional information on the behavior of the 
underground openings through the 5-year demonstration period and 
through penaanent storage operations. The data will also permit 
continuous monitoring of the safety of the openings. Underground 
facility reference design modifications will be made ·as required by an 
eva 1 uat ion and analysis of these data. The data obtai ned will be 
periodically distributed to the project participants, the State of New 
Mexico, and will be placed in WIPP public reading rooms. 

• 
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Table 1-2 

DESIGN VALIDATION ACTIVITY SCHEDULE 

ACTIVITY 

(1) · Prepare and issue Design Validation 
Plan 

(2) Field data collection: 

a. &eologic mapping of 
vertical and horizontal 
underground excavations· 

b. &eomechanical instrumentation 
measurements and visual 
observations in shafts, drifts, 
and test rooms 

c. Log core frOm holes in horizontal 
underground openings 

d. Fluid inflow measurements 

e. Shaft verti~ality surveys 

(3) Evaluate field data; prepare 
Preliminary Design Validation 
Report 

(4) Issue Preliminary Design 
Validation Report 

(5) Continue w1th (2a), (2b), (2c), 
and (2d) above · 

(6) Evaluate/analyze field data; 
prepare Design Validation Final 
Report 

(7) Design Validation Final Report 
review by Pe'r Review Panel 

~ 

(8) Issue Design Validation Final 
Report 

RESPONSIBILITY 

B/DOE 

TSC/B 

TSC/8 

TSC/8 

TSC/B 

DOE/TSC 

8 

DOE 

TSC/8 

B 

B 

DOE 

SCHEDULE 

7/82 - 1/83 

3/82 - 3/83 

4/82 - 3/83 

10/82 - 3/83 

9/81 - 3/83 

1/82 - 3/83 

10/82 - 3/83 

3/83 

3/83 - 7/86 

3/83 - 5/86 

S/86 - 6/86 

10/86 

B • Bechtel National, Inc.; DOE • U.S. Department of Energy; TSC • 
· Technical Support Contractor (Westinghouse Electric Corp.) 
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CHAPTER 2 

BACKGROUND OF UNDERGROUND DESIGH 

2.1 SITE CHARACTERIZATION AND EVALUATION 

WIPP sit·e characterization programs have consisted of geologic and 

hydrologic . studies as well as biologic, meteorologic and economic 

studie~. Geologic and geohydrologic characterization of the site, 

which started with surveys of literature and existing data, continued 

with the collection of new data and had the greatest degree of 

influence on design of the underground facility. Special emphasis was 

placed on correlating data obtained by geophysical techniques and 

borehole drilling. The geophysical techniques most widely used were 

seismic reflection and resistivity. Borehole drilling programs 

included holes drilled primarily for stratigraphic information on or 
near the site and holes drilled at the edge of, or away from, the site 

to study salt dissolution. Three holes, WIPP-11, WIPP-12 and DOE-1, 

were drilled through the Salado ~ormation to acquire geologic data on 

deeper strata outside the Zone II boundaries of the site (refs. 2-1, 

2-2 and 2-3). Within Zone II, the drilling of-deep exploratory holes, 

i.e., to the depth of the WIPP facility level, was restricted by siting 

criteria. Prior to the drilling of the SPDV exploratory and 

ventilation shafts (subsequently known as the C & SH and waste 

shafts, respectively), ERDA-9 was the only borehole within Zone II that 

extended below the facility level. 

The generalized stratigraphic relationship of the geologic formations 

of interest beneath the WIPP site 15 shown on Figure 2-1. Siltstone 

and fine-grained sandstone are the main rock types forming the Dewey 

Lake red beds. The Rustler formation, composed primarily of anhydrite 

and . f\ne-grained sandstone, siltstone and mudstone, contains two 

water-bearing dolomite beds. Saline water is found in these beds, the 

Magenta and Culebra members, and at the contact between the Rustler and 

Salado formations. The Salado formation consists largely of halite 

containing thin beds of anhydrite and polyha11te with occassional thin 

clay seams. The Castile is a thick anhydrite and halite formation 
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underlying the Salado. The Bell Canyon formation consists primarily of 
sandstone, limestone and shale. No aquifers are present in the Salado 

or Castile formations beneath the site. 

Site stratigraphy from the ground surface to about 250 feet below the 
underground facility level 1s presented in Appendix 8, Figure B-1, 
Sheets 1 through 5. The stratigraphy shown is based on geologic data 
obtained from boreholes wiPP-12, ERDA-9 and DOE-1, and from the 
c & SH and waste shafts. An analysis of these data shows a strong 
correlation of the stratigraphy between the boreholes and shafts from 
the ground surface to below the underground facility level. This 
correlation is based primarily on the geophysical logs because core 
sample logging or •hands-on• mapping was not always carried out through 
the entire interval. Where possible, graphic lithologic descriptions 
based on logging or mapping of the rock strata have been included on 
Figure 8-1 in Appendix B. This helps to more fully define the 
stratigraphic relationships shown by the geophysical logs. 

The analysis between boreholes WIPP-12 to the north and DOE-1 to the 
south resulted in correlation of the major formation contacts and most 
marker beds in the Salado fonaation. Due to a lack of distinctive 
stratigraphic changes. the Dewey Lake red beds exhibit a relatively 
uniform profile in both the lithologic and geophysical logs. The 
Rustler formation, however, exhibits a much greater fluctuation in its 
geophysical profile as a result of the anhydrite, dolomite and 

· fine-grained clastic beds it contains. Figure B-1 in Appendix B shows 
that the Rustler thickens slightly to the north with a slight rise in 
formation contacts occurring in the area of the WIPP facility. 

Cor.relation of the Salado formation stratigraphy between WIPP-12 and 
DOE~l verifies the consistency of most of the marker beds. The 
geophysical logs shows distinct breaks where polyhalite and anhydrite 
beds occur in the largely halitic rock strata. The major stratigraphic 
occurrence, in that portion of the Salado formation shown on Figure B-1 
in Appendix 8, 1s a thinning of strata to the north. This thinning 
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becomes apparent below marker bed 124 (MB-124) and is relatively well 

pronounced in the underground facility horizon. The effect of this 
thinning is to produce a reversal in the direction of dip of the strata 
above and below MB-124 between WIPP-12 and D0£-1. . Above this marker 
bed the strata dip to the north, while below the marker bed the strata 
dip to the south. This thinning of strata controls the slope of the 
facility level excavation because the excavation must avoid 
encroachment on any stratigraphic horizons that could affect the 
stability or safety of the underground openings. 

The figures in Appendix 8 show the continuity of rock strata across the 

WIPP site and in the area of underground excavation. These figures are 
intended to show that the major design assumptions which were made 
based on data from boreholes ERDA-9 and WIPP-12 remain valid, based on 
additional data obtained .from geologic mapping of the underground 
openings and logging of underground core holes. 
of the site stratigraphy from the ground 

Therefore, correlation 
surface to below the 

underground facility level confirms the macroscopic continuity of 
stratigraphy beneath the WIPP site. Geologic characterization at the 
WIPP underground facility level is presented in Chapter 6. 

Geohydrologic data pertaining to the site were obtained from 
conventional and special-purpose tests in many boreholes · (ref. 1-5). 
Geophysical logging of these holes provided hydrogeologic information 
on th~ rock strata encountered. Pressure measurements, fluid samples 
and ranges of rock per.abi11ty were obtained for selected formations. 
Also, potentiometric surfaces of major aquifer systems were contoured 
by using measured water level elevations in boreholes. 

Evaluation of data obtained from early site selection studies indicated 
~ 

that the current WIPP site · was a suitable . candidate for the 
establishment of a facility to demonstrate the safe disposal of 
radioactive waste. Additional studies have resulted in the i'ssuance of 
numerous reports regarding the suitability of the WIPP site, including 
the Geological Characterization Report, Waste Isolation Pilot Plant 
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CWIPP> Site. · Southeastern New Mexico (ref. 2-4), Final Environmenta 1 

Impact Statement: Waste Isolation Pilot Plant (ref. 1-4), and the 

waste Isolation Pilot Plant Safety Analysis Report (ref. 1-5). Final 

site validation was achieved in 1983 by an . evaluation of the data 

contained in a report titled Results of Site Validation Experiments, 

Waste Isolation Pilot Plant (WIPP) Project. Southeastern New Mexico 

(ref. 2-5) which presented the results of studies performed to fully 

sa~isfy all site qualification criter1a. This report was followed by a 

confinnation of overall site. suitability in a report titled Sunrnarv 

Evaluation of the Waste Isolation Pilot Plant CWIPP) Site Suitability 

(ref. 2-6). 

2.2 DES16N CRITERIA 

The Design Criteria. Waste Isolation Pilot Plant CWIPPl. Site and 

Preliminary Design Validation CSPDV) (ref. 2-7), and the Design 

Criteria, Waste Isolation Pilot Plant (WIPP), Revised Mission 

Concept-ItA CRMC-IIAl (ref. 2-8) were used as guides by the 

Architect-Engineer (Bechtel National, Inc.) in developing the reference 

design for the WIPP underground openings. The documents contain 

general requirements which were addressed in the reference design. The 

Design Criteria, RMC-IIA, is the highest level design document for the 

project. All other design documents, such as design bases, drawings 

and specifications, were required to be in compliance with this 

do.;ument. · . 

The design criteria also stipulate the type and estimated or assumed 

rate of waste to be received at the WIPP. The majority of the criteria 

presented in the RMC-IIA document art requirements which do not need 

evaluation as to their suitability and have no impact on validation 
I 

considerations for the underground opening reference design. The major 

criteria that governed development of the reference design are 

presented in Table 2-L Although some of the criteria in this table 

are elements which cannot be evaluated, they are included because of 

their influence on the reference design configurations. Those criteria 
that can be evaluated are discussed in later chapters of this report as 
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Table 2-1 

ABRID&ED WIPP DESI6N CRITERIA 

Page 1 of 4 

(1) Facility design 

a. Designed for an operating life of 25 years. 

b. Underground facilities and equipment shall be designed to be 
compatible with retrieval operations for all contact-handled 
(CH) and remote-handled (RH) TRU waste, with a retrieval 
decision to be made within 5 years after the initial 
emplacement of each species. (Chapter 12) 

c. The facility w111 be deconaissioned after it ·has fulfilled its 
intended purposes. This will include backfilling the 
underground facilities, sealing the shafts and decommissioning 
the surface facilities. 

(2) CH TRU waste * 
a. Estimated annual volume is 500,000 cubic feet. 

b. Estimated volume at the end of the 5 year retrieval decision 
period is 1,410,000 cubic feet. 

c. Estimated total storage capacity is 6,330,000 cubic feet. 

d. Heat generated from the waste is negligible; it will be less 
than 10 milliwatts for ·average drums, less than 20 milliwatts 
for average boxes, and 10 watts for few drums containing heat 
source plutonium. 

e. Estimated annual quant1ties are 9,616 six-packs and 2,404 
modular steel boxes. 

f. Estimated total quantities are 121,700 six-packs and 30,430 
modular steel boxes. 

g. Underground facilities and equipment shall be designed to 
provide for a determination to effect retrieval of waste 
stored for a period up to 5 years after the initial 
Slplacement and for a target of 5 to 10 years to reach the 
waste and retrieve it after the decision is made. (Chapter 12) 

(3) RH TRU waste * 
a. Assumed total receipt of 1,000 canisters. 

b. Assumed maximum receipt rate of two canisters per day and 250 
canisters per year. 

* See Foreword. 
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Table 2-1 (continued) 

ABRID6ED WIPP DESIGN CRITERIA 

Page 2 of 4 

c. If assumed quantities are insufficient, additional RH waste 
storage will be accommodated within existing storage rooms. 

d. Heat generated from the waste is on the order of 60 watts per 
canister. 

e. Access shall be available to all emplacement positions 
throughout the retrievability period. (Cha~ter 12) 

f. When both CH and RH waste are scheduled for the same room, the 
RH waste shall be emplaced first. After the 5 year 
retrievability period has ten~inated, CH waste may be emplaced 
in that room. 

(4) Shaft design (Chapters 7, 8 and 9) 

a. Shafts shall be designed to be structurally stable throughout 
the operating life of the underground facility and the 
decommissioning period. 

b. Time-dependent closure of shafts due to salt creep shall be 
-considered. Shafts shall be designed so that m1n1mum 
dimensions required for shaft functions are maintained during 
design life. 

c. &round-water flow into the shafts shall be controlled so that 
no uncontrolled ground water reaches the storage horizon via 
the shafts. 

(5) Shaft liner design 

a. Help ensure that dimensions remain within 1 imits required for 
shaft functions. 

b. Prevent ground-water flow into the shaft. (Chapters 7, 8 and 9) 

c. Protect wall rock from deterioration. 

d. Preclude. risk of rock fall from shaft wall • .. 
(6) Mine design 

a. The underground openings shall be designed so that deformation 
of excavations and pillars will remain within limits required 
for structural functi.on, ventilation and safety. (Chapters 7, 
8 and 10) 
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Table 2-1 (continued) 

ASRID6ED WIPP DES16H CRITERIA 

Page 3 of 4 

b. Rock bolts shall be used where necessary to provide positive 
support of roofs and walls. 

c. Surface subsidence resulting from underground excavation shall 
not exceed 1 inch within a SOG-foot radius of the waste shaft. 
(Chapt~r 6) 

d. Excavations and pillars shall be located and dimensioned to 
avoid geologic discontinuities. If discontinuities are 
encountered. remedial action shall be engineered to correct 
the problem. (Chapters 3 and 6) 

e. Design shall be based on established mining procedures. 

f. Predicted behavior of the salt shall be verified by in situ 
testing (SPDV) before proceeding with construction of the 
storage area. 

g. Designed to accommodate creep closure and maintain the minimum 
dimensions ·required for the operating life of the opening. 
(Chapters 10 and 12) 

• 

h. Creep closure raies used for design shall be confirmed by • 
instrument observations in the excavations. (Chapters 11 and 
12) 

1. Excavation dimensions sha 11 include allowance for creep 
closure sufficient to prevent container breaching by 
creep-induced stresses during the retrievability period. 
(Chapter 12) 

j. Minimize the potential for repository rock fracturing. 
(Chapter 11) 

k. Underground waste storage procedures shall include a designed 
backfill plan for fire protection. The backfill thickness 
shall be 1 to 2 feet. (Chapter 12) 

l. ·.Pena1t isolation of panels of rooms with plugs after storage 
and backfilling are completed. (Chapter 12) 

•· Air locks. dampers. regulators and doors shall be designed and 
installed in such a manner that they can acconmodate creep 
without · iiiiPairment to their ability to maintain ventilation 
separation. 
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Table 2-1 (continued) 

ABRIDGED WIPP DESIGN CRITERIA 

Emplacement criteria 

Page 4 of 4 

a. The underground storage rooms and access drifts shall be 
designed to be compatible with the waste transport vehicle, 
with waste container sizes, shapes, weights and stacking 
configurations, and with waste emplacement equipment. (Chapter 
12) 

b. Provisions sha 11 be made to acc0111110date backfilling over and 
around CH waste containers. (Chapter 12) 

c. Each storage panel shall have provisions for being isolated 
from other panels upon COIIIPletion of storage operations in 
that panel. (Chapter 12) 

(8) Retrievability 

a. All wastes placed into the WIPP are retrievable, · with 
retrievability to be demonstrated, until such time as the 
pilot plant is converted to an operational repository for 
permanent disposal of wastes. (Chapter 12) 

b. Each storage room sha 11 a 11 ow for salt creep and sha 11 be 
sized to minimize breaching of the CH waste containers for a 
period of 10 years. (Chapter 12) 

(9) Underground excavation and haulage 

a. Mining shall be performed with continuous miners or equivalent 
machine type devices. Drill and blast-type mining shall be 
prohibited except where authorized. 

b. Underground design sha 11 pro vi de maxiiiiUIII stability for 
excavated rooms and entries. (Chapters 7, 8, 10, 11 and 12) 

c. Meet or exceed the intent of the applicable requirements of 
the MSHA in 30 CFR 57.9 and the New Mexico Mine Safety Code 
for All Mines • 

.. 

2-9 



indicated in the table. 

2.3 DES16H BASES 

The design bases identify the detailed design requirements for the WIPP 

underground facilities. They are derived from the more general 
concepts presented in the design criteria. The design bases cover all 
aspects of the design and facility operations. Design bases applicable 
to design validation are listed in references 2-9 through 2-20. The 
essentia 1 elements of the design bases pertaining to design validation 
of the C & SH shaft, waste shaft,_ exhaust shaft, drifts and storage 
area are discussed in Chapters 7 through 10 and Chapter 12. The 
discussions cover only those bases that require evaluation. All other 
bases are requirements detenained during design reviews and need not be 
evaluated for their suitability. 

2.4 DESI6H COHFI6URATIOHS 

The reference design configurations are the engineered facilities 
designed to comply ~ith the design criteria and design . bases. They are 

• 

described in various contract drawings and specifications. The • 
essential elements of the design configurations are discussed in 
Chapters 3 and 12. 

2.5 DES16H DEVELOPMENT 

Design of the WIPF surface and underground facilities consisted of 
three stages: 

(1) the conceptual design; 

(2) the preli•i~ary design; and 
.I 

(3) the detailed design, including the underground opening 
reference design. 

At both the conceptual and preli•inary design stages, an extensive, 
inde~endent review of the underground layout and design was made by the 
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DOE and its consultants, SNL and Westinghouse Electric Corporation. 

The review included assessment of the underground design concept and 

consultation with Carlsbad area potash mine operators to obtain 

information from their experience. The preliminary design was also 

reviewed by other Federal agencies, the State of New Mexico and the NAS. 

From these reviews and consultations, the 00£ concluded that the 

detailed design, based on the current state of the art, was sound. 

However, for further confirmation, it · was decided that the impact of 

site-specific geologic conditions on the underground opening reference 

design should be verified by direct observation. Consequently, the DOE 

initiated the SPDY Program described in Chapter 1. The SPDV Program 

provided in situ data on the local geology and on the geomechanical 

response of the strata to the underground openings. 

2.5.1 Conceptual Design 

Design of the WIPP surface and underground facilities began with the 

conceptual design, initiated in 1975 and completed in 1977 (ref. 

2-21). The conceptual design provided the basis for development of the 
preliminary design of both the surface and underground facilities. 

2.5.2 Preliminary Design 

The WIPP preliminary design was begun in 1978 and completed in 1980 

(ref. 2-22). The preliminary design (Figure 2-2) was based on 

empirical methods and local mining practices, incorporating the 

conventio~.al ro011 and pillar method for underground development. It 

included analytical evaluations of underground openings in bedded salt 

using the finite ele~~ent method and laboratory test data (refs. 2-23 

and 2-24). The roof and floor of the rooms and entries were checked 

for · sUb11ity by •thods described in the SME Mining Engineering 

Handbook (ref. 2-25). In addition to Bechtel, SNL performed confinming 

numerical analyses (refs. 2-26 and 2-27). These analyses predicted 

short- and long-tena stress distributions around the selected openings 

as well as elastic and creep deformations • 
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2.5.3 Detailed Design 

Detailed design of the WIPP. begun in 1981 and completed in 1984, 

included design · of the surface and underground facilities and the 

reference d~sign for the underground openings. This was based on an 

extensive amount of data derived from the site characterization, 

including information from boreholes, surface geophysical measurements 

and laboratory tests. These data were used to establish the facility 
1 eve 1 and the design parameters • The number of ho 1 es d ri 11 ed to the 

proposed facility level was restricted in order to retain its isolation 

from the surface. The layout and configuration of the underground 
openings were based mainly on empirical data which incorporates the 
room and pillar concept utilized in existing potash mines in Carlsbad 

and other mining areas, and an storage efficiency. The design was also 

based on mining and engineering standards universally applied to 
underground projects. 

Analyses were performed to evaluate the stability of underground 

openings ·using material properties obtained from laboratory tests of 

core samples (r~f. 2-28). Validation of the underground opening 

reference design with respect to the actua 1 underground environment 
requires direct observation of geologic conditions at the facility 

level and the behavior of the underground openings. This interaction 
between observation of underground excavation and development of design 

is consistent with engineering practice for underground construction 

and with achieving the most cost-effective facility configuration. 

Detailed design of the WIPP had sufficient flexibility to allow the 

incorporation of initial information obtained from excavation during 

the SPOY Progrm. This design flexibility was necessary for 

constrqction of the underground facilities. Calculations that applied 
111terial properties and analytical 110dels developed from laboratory 

tests were performed to evaluate the behavior of the underground 

openings. Information obtained from the design validation program was 
used to confina, refine. or alter the underground opening reference 

design as required to accoanodate in situ conditions. The detailed 
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design included the development of construction details for the 

experimental areas and the .full-scale waste storage area. It. also 

included design of the surface facilities but this is not included in • 

the design validation program. 

2.6 DESI6N METHODS 

Practical experience in the -safe construction of salt and potash mines 
extends over many years. Empirical knowledge on the safe sizes of 
openings and pillars has been documented (ref. 2-29) and performance 

records of openings in salt are available. Different methods of 

analysis are required to determine the stability of openings in salt 

for different conditions of potential failure. The normal safety 

concepts of engineering, which relate a factor of safety to loads or 
stresses, cannot be transferred directly to the analysis of underground 
openings in salt. Therefore, postulated failure con~itions were 

analyzed by other appropriate methods. In general, an opening in salt 

can be considered stable when the following two basic requirements are 

satisfied: 

(1) the deformation of the opening conforms to the clearance 

envelope allowed for safe operation of the workings during 
design life; and 

(2) the load bearing capacity of the salt around the opening is 

adequate to prevent sudden structural failure of the opening. 

Subsections 2.6.1 through 2.6.3 discuss the empirical •thods, closed 

form solutions and model simulations used for the reference design of 
the WIPP underground openings. 

2.6.1 Empirical · Method 

Most of the seven potash •ines in the Carlsbad area were visited by 
project participants on several occasions as the design evolved. The 

preli•inary ro011 and pillar configurations, including the width and 
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spacing of the rooms, drifts and pillars, were based primarily on 

experiences gained from general mining practices in those mines in 
areas with similar geology. The extraction ratio at the WIPP facility 
horizon is significantly less than that used in potash mines of similar 
depth in the Carlsbad area and in other parts of North America~ 

2.6.2 Closed Form Solutions 

Closed form solutions in the SME Mining Engineering Handbook were used 
to check the design of the room-and-pillar system, including room 
dimensions, room spacing, pillar stresses and pillar width-to-height 
ratios. These types of solutions were also used to check room 
stability, including the stresses on the roof beams, and to estimate 
surface subsidence (ref. 2-30). Closed form solutions for steel and 
concrete structural design were used for design of the shaft liners and 

keys. 

2.6.3 Model Simulation 

To determine the geomechanical and structural behavior around the 
underground openings, mathematical modelS of the openings were 
generated and preliminary finite element analyses were performed to 
simulate this behavior. These analyses used material properties 
obtained from .laboratory tests of drill core samples to estimate 
closure of the openings. In order to maintain the operational 
capability of the ~nderground facility during its design life, 
allowances fof roof, floor and wall closures were added to the 
operational clearance envelope of the underground openings. The design 
criteria require confirmation or modification of the estimated closure 
based on geomechani cal instrument measurements obtai ned in the 

excavations. 

Preliminary analyses were only considered parametric studies since 
important feedback -from the design validation program observations and 
geomechanical instrument measurements was required to complete the 
understanding of the mechanism of creep deformation in the salt at the 

WIPP site • 
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3.1 INTRODUCTION 

CHAPTER 3 
UNDERGROUND FACILITIES 

This chapter presents a brief history of the underground development 
level selection process. It also describ~s the configurations of the 
WIPP shafts. drifts and rooms. and summarizes their . excavation 
history. The ·disc:.~ssion of exta'lation histo-ry includes those d!tai1s 
pertaining to the •as-built• openings which are considered significant 
with respect to the reference design. The reference design of the 

underground openings was based on requirements contained in the Design 
Criteria (refs. 2-7 and 2-8) and Design Bases (refs. 2-9 through 2-20) 
documents. 

The WIPP underground facility is divided into three general areas 
(Figure 3-1). The northern portion is the experimental area containing 
the design valida~ion test rooms and technology experiments. The 
central area is the shaft pillar. The number of drifts in this area is 
restricted to minimize subsidence around the shafts. This portion of 
the facility will primarily contain shops and personnel areas. The 
southern portion of the facility is the waste storage area. Although 
some mining has been _conducted in this area, it remains largely 
unexcavated at the time of publication of this report. 

3.2 SELECTION OF THE UNDERGROUND DEVELOPMENT LEYEL 

Selection of the WIPP underground · development level evolved over 
several years and various facility design concepts. Seven 
stratigraphic horizons were identified in 1979 as potential locations 
for the facility level and ranked in order of their preference. These 
seven Horizons were chosen based on an examination of available 
borehole data, primarily geologic and geophysical logs from borehole 
ERDA-9, and on horizon selection criteria established by the WIPP 
_project participants. The selection criteria consisted of recommended 
distances between the underground opening surfaces and the nearest 
overlying _or underlying clay seams or partings • 
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6eolog1t llilPP1ng of the SPDV exploratory shaft in April and May 1982 

permitted an assessment of the suitability of those intervals in the 

area of MB-139 preferred for the location of the facility level. This 

assessment included an evaluation of the intervals of interest against 
a modified version of the 1979 horizon selection criteria. These 

modified criteria were a result of changes to the initial WIPP facility 

concept, consisting of a reduction from two levels to one and 
alterations in the room size. The modified criteria were as follows: 

(1) The rock comprising the underground facility horizon should 
contain no significant dissolution features, faults, or 

fractures.. If any such features are· noted, a ·detailed 

investigation must be conducted. (This element was not 

explicitly stated in the 1979 criteria.) 

(2) There should be a minimum 4-foot thickness of halite between 

the top of MB-139 and the facility floor. The undulatory 

upper contact of MB-139 shall be considered in the selection 
of the facility floor level. (The 1979 criteria required a 
5-foot thickness between the facility floor and the first 

underlying clay seam or parting.) 

(3) There should be a minimum 14 1/2-foot section of halite for 

construction of nominal 13-foot high rooms. Minor 

impurities, such as argillaceous halite and polyhalite, may 

be acceptable. (The facility design in 1979 called for 

12-foot high rooms.) 

( 4) There shou 1 d be a minimum of 5 feet of halite between the 

facility roof and the first overlying clay seam (defined as 
.~ 1/4 inch thick or greater) for purposes of roof stability. 

(This criterion was adjusted at the site to a 5- to 10-foot 

thickness at the verbal request of SNL personnel.) 

( 5) Horizons containing substantial amounts of po1yhalite should 

be avoided. The miniiiWil thickness of halite defined in the 
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third criterion listed above was increased from 14 1/2 feet 

to 17 feet or .ore to acc011110date the 17-foot high SPDV 

exploratory shaft station. 

Selection of the final underground development level was made following 

a series of meetings in which the interval ranked first was evaluated 

for its ability to satisfy these criteria. The selection was based 
primarily on the results of detailed geologic shaft mapping from a 

depth of 2,080 feet to 2,185 feet. A meeting, attended by 
representatives from the DOE, Westinghouse, SNL and Bechtel, was held 

on May 2, 1982. to discuss the results of the selection process and to 

present a rec01111endation for the facility level location to the DOE. 

The final level selected for the facility floor was at a preliminary 

depth of 2,149 feet (elev. 1258.4 feet). The recommendation was 

accepted by the DOE · and later reviewed and concurred in by a 
representative of the New Mexico Environmental Evaluation &roup (EEG). 

Geologic mapping of the SPDY exploratory shaft and subsequent 

• 

evaluation by the ·project participants showed that. as anticipated, the • 
geology was similar to that encountered in borehole ERDA-9. One 

exception was the discovery of an additional anhydrite bed, anhydrite 

•b•. and its underlying clay seaaa. Figures. 3-2 and 3-3 show the 

preliminary design (pre-SPDY) of the shaft station and storage rooms. 

This preliminary design was based on the stratigraphy at the 

first-ranked alternative horizon. Figures 3-2 and 3-3 show that only 

one anhydrite layer and clay seu were expected above the facility . 

level at this horizon. based on the interpretation of ERDA-9 core. 

This would have produced 12 feet of uninterrupted halite above the 
shaft station and 16 feet above the storage roOCDS. However, shaft 
.mapping ~vealed an intermediate bed, anhydrite •b•. approximately . 7 

feet below the known bed, anhydrite •a•. This reduced the 
uninterrupted halite thickness above the facility level roof to 3.5 to 

5 feet at the shaft station and 7 to 8.5 feet in the waste storage 

area. Despite. this finding. the underground facility horizon chosen 
was judged to adequately meet all of the established criteria. 
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At a .eet1ng held on February 13, 1986, consideration was given to the 

desirability of relocating the facility level to a different 
stratigraphic horizon (ref. 3-2). The discussion was prompted by the 
following observations of the behavior of the underground openings: 

.(1) The effect of excavation on the strata surrounding the 
underground openings are being investigated by gas 
permeability testing. These tests indicate that zones of 
increased penmeability due to fracturing, and proportional to 
the size of the opening, have developed between the floor of 
the openings and the base of MB-139 in the test rooms. These 
zones have also developed at 
locations in the N1420 drift. 

intersections and other 
Increased permeability has 

also be~n detected within anhydrite •b• above the roof of the 
test rooms. (Additional permeability testing is being 
conducted by SNL. The final results from this program are 

not yet available.) 

(2) Fracturing has been encountered both within and above 
MB-139. It is especially well developed in the southern half 
of Test Room 3 (Room T). This fracturing is discussed in 
Chapter 10, subsection 10.3.2.1, and in Chapter 11, 

subsection 11.3.2.1. 

(3) Both horizontal displacements and vertical separations have 
been observed above the roof of the . underground openings. 
These occur primarily at anhydrite •b• and are associated 
with the underlying clay seam. This is discussed in Chapter 
10, subsection 10.3.2.1, and in Chapter 11, subsection 

11.3.2.1. 

(4) In situ closure rates are almost three times greater than the 
rates originally predicted from .laboratory test data. This 
is discussed in Chapters 10, 11 and 12 • 
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The underground opening behavior occurring at the WIPP is similar to 

that of other openings .excavated in areas w1th similar geologic 

formations. The conditions are understood and any problems encountered • 

can be adequately mitigated using standard mining engineering 

procedures. ·The behavior experienced at the present facility level is 

likely to occur to some extent at any alternate horizon selected. 

These conclusions, and the fact that the behavioral characteristics and 

geologic environment at the existing level are knowr. resulted in a 

decision by the WIPP project participants .to keep the facility level at 

its present location. Studies of the behavior of the rooms and drifts 
will continue beyond design validation as discussed in Chapter 1, 

subsection 1.5.2. 

3.3 DESCRIPTION OF UNDERGROUND FACILITIES 

3.3.1 C & SH Shaft 

The construction and salt· handling (C ' SH) shaft 1s the principal 

~~eans of access to the underground WIPP facility and is the primary 

fresh-air intake for the underground ventilation system. It was 
originally designated the ·exploratory shaft during the SPDV Program. • 

The shaft provides a means of access for personnel and materials to and 

from the facility, and for the removal of excavated salt. 
Geomechanical instrumentation installed in the shaft provides important 

data for monitoring the behavior of the liner and key, the salt strata 

surrounding the shaft. and ground-water pressures. 

The shaft is lined with steel casing having a lG-foot inside diameter 

fro11 the ground surface to a depth of 846 feet. The 10-foot diameter 

extends through the concrete shaft key to a depth of 880 feet. From 

the key to the bott011 of the shaft at 2,298 feet the shaft is a nominal 

12 feet iri dia.eter and is unlined. 

The steel liner was designed to retain the rock formations above the 

salt and to prevent water seepage into the shaft. The liner was 
designed for both construction and permanent loads. The construction 
load was con~idered to be the hydrostatic pressure exerted on the liner 
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by the fluid used to •float• it into place for installation. The 

permanent load is the hydrostatic pressure exerted on the liner by 

gr.ound water under artesiar:t conditions in the water-bearing zones. 

Rock pressure was not used in design due to the controlling influence 

of the hydrostatic pressure. Since hydrostatic pressure increased with 

depth, the steel liner thickness was also increased. The liner is 5/8 

inch thick at the top and increases to 1 1~2 inches thick at the 

bottom. The liner is held in place with cement grout. 

The t & SH shaft key is a 37 1/2-foot long reinforced-concrete 

structure at the base of the steel liner. The key serves two important 

functions. First, it provides a transition from the lined to the 

unlined sections of the shaft. Second, as an integral part of the 

liner, it prevents ground water from the upper water-bearing members 

from dissolving the salt around and beneath the key. This water 
movement is obstructed primarily by two water seals installed behind 

the concrete. A third seal, installed at the interface of the steel 

liner and concrete key, prevents water from flowing out at the 

interface and down the inner surface of the key. A gravel-filled 

trench was constructed behind the concrete above the lower of the two 

seals to intercept water migration past the upper seal. This water is 

drained through four pipes, called •telltales•, to the key s·urface and 

into a water collection ring at the base of the key. 

The shaft i~ unlined below the concrete key. Excavation by the rotary 

drilling method has resulted in shaft walls that are smooth and 
undamaged. No support or protective wire mesh was required. 

3.3.2 Waste Shaft 
. 

The waste shaft serves to connect the waste handling building on the 

ground surface w1th the WIPP underground facility. The shaft's primary 

functi·on 1s t~ permit the transfer of radioactive waste·. fr~m the 
surface to the underground storage area • . It w111 also serve as an 
intake shaft for small volumes of air during storage operations and as 
an emergency escape route. The waste shaft was initially excavated as 
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a · 6-foot diameter vent11at1on shaft, which was the primary exhaust 

route during the SPDV phase of construction. As in the C & SH shaft, • 

geomechanical instruments installed in the waste shaft provide 

·important geotechnical data w~th ~ich to monitor the behavior of the 

shaft and its surrounding geologic environment. 

The waste shaft 1s 11ned with unreinforced concrete from the ground 
surface to the top of the key at a de~th of 837 feet. The purpose of 
the liner is to retain the surrounding rock and to prevent ground water 
from entering the shaft. The lined section of the shaft has a finished 
inside diameter of 19 feet. The liner thickness increases with depth 
from ·10 inches at the surface to 20 inches at the key. A water 
collection ring was incorporated into the 11ner iaaecSiately beneath 
both the Magenta and Cu 1 ebra water-bearing members. These rings are 

connected to another ring at the base of the key. 

The waste shaft key is similar in construction to the C & SH shaft 
key. It serves as I · transition from the concrete-lined section to the 
exposed salt section of the shaft and it prevents ground water from 
reaching the salt via the shaft opening. The key is 63 feet long, 4 . 
l/4 feet thick and constructed of reinforced concrete. The bottom of 
the key is at a dep-th of 900 feet. In contrast to the C & SH shaft 
key, the waste shaft key has only two water seals. 

A water collection ring at the base of the key collects water trickling 
down the surface of the key and conducts it, as well as water from the 
two upper rings, to the shaft station via a 2-inch diameter PVC pipe. 
Two guide pipes, consisting of 2-inch diameter polyvinyl chloride (PVC) 
pipe, were also installed in the concrete key at a depth of 843 feet at .. 
the request of SNL to serve as guides for drilling test holes across 
the contact of the Rustler formation w1th the Salado formation. 

The section of the shaft below the key is 20 feet in di~~~eter and 
consists of exposed salt lined with wire ~~esh anchored by rock bolts. 

• 

The 20-foot diameter shaft enlarges to 23 feet just above the waste • 
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shaft station. This 23-foot diueter extends to the bottom of the 

shaft, approximately 122 feet below the facility level • 

3.3.3 Exhaust· Shaft 

The exhaust shaft is the primary ventilation exhaust for the 

underground facilities. It is designed as a duct to remove air from 

the underground areas up through the exhaust filter building at the 
ground surface. In addition, the exhaust shaft will serve as a backup 

escape route during emergencies. This shaft is also used to carry an 
auxiliary 15 kV power cable and signal cables underground. These 

redundant cables serve as emerge~cy alternates should the primary 

cables in the C ' SH shaft become inoperative~ The exhaust shaft, 

1 ike the C ' SH and waste shafts, contains a suite of geomechanica 1 

instruments. . 

The exhaust shaft is 1 ined with unreinforced concrete from the ground 

surface to the top of the shaft key at a depth of 844 feet. The 
purpose of the liner is the same as that in the other two shafts. The 

liner has an inside diameter of 14 feet. The liner thickness increases 

from 10 to 16 inches with depth. 

The exhaust shaft key serves the same function as the keys in the other 

two shafts. It is a · transition element between the concrete 1 iner in 

the upper section of the shaft and the exposed salt tn the lower 

section. It 1s also designed to prevent · ground water in the upper 

water-bearing members from reaching the salt section of the shaft. The 
key is 63 feet long and 3 1/2 feet thick. The key contains eight 

telltale drains at a depth of 857 feet and ·nine drains each at 855 feet 

and 870 ft. The key also contains two water seals, a water collection 

ring. al'!d two guide pipes for drilling test holes. The bottom of the 

key is at a depth of 907 feet. 

The exhaust shaft below the key is .15 feet in diameter. It is lined 

with wire mesh anchored by rock bolts. The exhaust shaft tenDinates at 

the facility level; there is no shaft sump • 
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3.3.4 Drifts 

The underground shaft stations and drifts have been designed to 
f ac ili tate the handling and transport of radioactive waste. They a 1 so 
provide access for construction operations . and experimental 
activities. The drifts are designed to provide adequate ventilation 
supply and exhaust for all areas of the underground facility. 

A11 drifts are rectangular in cress section with typical dimensions 
that range from about 8 to 12 feet high and 14 to 25 feet wide. Access 
drifts serve as the main haulageways between the shafts and the 
experimental and waste storage areas. Cross-cut drifts (crosscuts) are 
designed to accommodate equipment. shops and traffic flow. The 
crosscuts are generally s1111ler in cross-sectional dimensions than the 
access drifts. The excavated dimensions of major drifts and rooms are 
presented in Table 3-1. The horizontal underground openings are 
oriented either north-south or east-west and are 1abe1ed based on a 
grid system having the centerline of the C ' SH shaft as its origin. 
For example. the EO drift runs north-south in line w'1th the C ' SH 
shaft and the N1100 drift is an east-west drift 1100 feet north of the 

c ' SH shaft. 

The northern part of the facility contains · the experimental areas. 
Four test rooms were excavated west of the EO drift as part of the SPDV 
Program. These rooms are discussed in subsection 3.3.5. The remaining 
experimental areas have been excavated for long-tena experimenta1 
programs to be conducted under the direction of SNL. These experiments 
are not part of design validation and are addressed in this report only 
when necessary to clarify the discussion. 

The shaft• pillar area (Figure 3-1) is designed to protect the surface 
structures and shafts from settlement resulting from the natural 
closure of underground openings. The shaft pillar di•nsions were 
derived in accordance with standard analyses developed by the u.s. 
Bureau of Mines (ref. 2-30). Excavation within the shaft pillar area 
was designed to maintain an extraction ratio of less than 15 percent. 
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Table 3-1 

FACILITY LEVEL CONFIGURATIONS 

• NOMINAL EXCAVATED DIMENSIONS OF MAJOR DRIFTS AND ROOMS 

Page 1 of 2· 

Width Height 
Dr1ft or Room (ft) (ft) 

EO From N35 To N1420 25 12 
E140 From N140 To N1420 14 8 
E140 From N140 To S2210 25 12 
E140 From S2210 To S3264 (Exploratory Drift) 25 8 
E300 From S90 To S1980 14 12 
W30 From S90 To S700 . 20 12 
W30 From S700 To S1950 14 12 
.W170 From N140 To S1300 14 12 
N140 From EO To E140 12 12/19 
N140 From EO To W170 12 12/19 
N460 From EO To E140 (Conference Room) 20 8 
N780 From EO To E140 12 12 
N1100 From EO To £1546 14 9 
N1100 From EO To W667 20 12 
N1100 From W667 To W1800 (Room 6 Entry Drift) 20 9 
N1100 From W1800 To W2990 (Room 6) 20 10 
N1420 From E140 To E1546 14 12 
N1420 From E140 To W647 20 12 

• S90 From EO To E140 12 12 
S90 From E140 To E300 14 12 
S400 From E60 To £140 20 12 
S400 From £140 To £300 14/18 12/17 
S400 From E300 To E500 20 12 
S700 From W170 To W30 20/25 12 
S700 From W30 To E140 20 12 
S700 From £140 To E300 20/35 12 
S1000 From W170 To · W30 20 12 
S1000 · Frona W30 To E140 25 12 
S1000 Frca £140 To · E300 20 12 
S1300 From W170 To W30 20 12 
S1300 Froct W30 To £140 20 12 
S1300 From £140 To E300 20 12 
S1600 From W170 To W30 20 12 
S1600 From W30 To E140 20 12 
S1600 Frca £140 To E300 20 12 
S1600 ··· From £300 To E520 14 12 
S1950 From W30 To El40 14 12 
S1950 From E140 To E300 20 12 
S2180 From E140 To E300 14 12 
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Table 3-1 (continued) 

FACILITY LEVEL COHFI6URATIOHS 
NOMINAL EXCAVATED DIMENSIONS OF MAJOR DRIFTS AND ROOMS 

Drift or Room 

Test Rooms 1, 2, 3' 4 (300 feet long) 
E~per1mental Rooms A1, A2, A3, B & D (306 feet long) 
Alcove Il (43 feet long) 
Alcoves 12. I3, 14, IS. 16 ' I7 (33 feet long) 
Rooms Cl ' C2 (98 and 102 feet long) 
Room J (98 feet long) 
Rooms Ll ' l2 (98 feet long) 
Room H Entry 
Room H (outside radius • 54 feet) 
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Width Height 
(ft) (ft) 

33 13 
18 18 
24 12 
33 12 
18 18 
33 12 
33 12 
12 10 
36 10 
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A geomechanical instrumentation program was implemented to gather 

geotechnical data from the underground drifts. The program was 

designed to monitor . the stability of the openings, to assess 
deformational characteristics of the salt, and to measure closure rates. 

of typical drifts, rooms and intersections. In addition, an extensive 

program of ·geologic mpping, core drilling, laboratory testing and 

visual observations has been conducted. The methodology used and the 

results of these programs are discussed in other chapters of this 

report. 

3.3.5 Test Rooms 

Four test rooms were excavated in the northern section of the facility 

during the SPDV phase of construction. These rooms represent 
full-scale models of the future waste storage rooms and have the same 

dimensions, 13 feet high, 33 feet wide and 300 feet long, as the 

planned storage rooms. 

The test rooms are designed to permit an assessment of deformation and 

closure rates due to salt creep as well as the stability of the future 
storage rooms. This has been accomplished by . evaluations and analyses 
of geotechnical data gathered from geomechanical instruments installed 

in each room and the results of geologic mapping, core drilling, 

laboratory testing of samples from the surrounding strata, and 

qualitative visual observations by project geotechnical personnel. The 

results of these evaluations and ana lyses are presented in Chapters 11 

and 12. 

3.3.6 Waste Storage Area 

The waste storage area will be developed in the southern portion of the 

facility.. (Figure 3-1). The reference design for this area includes a 
series of eight panels with seven storage roOtDS in each panel. The 

room dimensions are 13 feet high, 33 feet wide and 300 feet long. The 
width of the pi 11ars between rooms is 100 feet. This configuration 
results in a storage area extraction ratio of less than 25 percent 

based on a line 100 feet beyond the storage area excavation neat line • 
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Full development of the waste storage area will eventually encompass 

about 140 acres. The reference design is based on the assumption that 

the storage rooms and panels will be excavated in stages coordinated 

with the scheduled arrival of waste. Waste storage is designed not 

only for the rooms but also for all drifts and crosscuts in the waste 

storage area (south of the S1600 drift). 

3c4 UNDERGROUND CONSTRUCTION 

The existing WIPP underground facility was constructed in two phases. 
The first phase. SPDY (Figure 3-1). was conducted from 1981 to 1983 and 

consisted of the excavation of the exploratory and ventilation shafts 
as ·wen as several drifts and a panel of four test rooms. SPDY 

accomplished two objectives: (1) it per.mitted the completion of 

experiments and geotechnical activities required for the Site 

Validation Program (ref. 2-5); and (2) it provided for the initial in 

situ confirmation of the underground facility reference design. This 

allowed construction of the underground facility to proceed in a timely 

and cost-effective manner. 

Excavation associated with the second phase of underground construction 

was accomplished from October 1983 through February 1985 and is 

designated as full construction on Figure 3-1. This excavation 

included enlarging the ventilation shaft for its conversion to the 

waste handling shaft. constructing the exhaust shaft. · and mining 

additional underground drifts and test ·rooms for conducting R ' D 
experiments. The operational name of the exploratory shaft changed to 

the C ' SH shaft during th1s period. Design validation has been an 
integral part of this construction activity. 

A third ·phase of underground construction 1s currently in progress. 
This is the initial operations phase during which excavation of the 
storage roOIIS will occur concurrently with waste emplacement. Mining 

for this phase started in June 1985 with the excavation of crosscuts 

for the instillation of shops in the shaft piller area. Partial 
excavation of some storage roOIIS· will follow. However. initial waste 
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emplacement is currently not scheduled to begin until late 1988. No 

discussion of the operations phase is presented in this report, 

although it will be strongly affected by· the design validation results 

presented herein. 

3.4.1 C & SH Shaft 

c & SH shaft construction was performed during 1981 and 1982. 

Construction started in May 1981 with the excavation of a 98-foot deep 
pi lot hole. The pilot hole was augered using a crane-mounted dri 11 ing 

unit. Steel surface casing with an interior diameter of 12 feet was 

grouted into place to a depth of 93.4 feet. 

Shaft drilling started on July 4, 1981, and was completed 112 days 

later. The drilling was performed using a jackn1fe derrick with draw 
works capable of supporting a suspended load of 500 tons. The drilling 

method used consisted of air-lifted reverse circulation performed 
through double-walled drill pipe. The drilling fluid (brine) was 

maintained at a relatively constant level above the drill bit. The 

drill bit consisted of a 142-inch diameter full-face rolling cutter 

head. Shaft drilling was completed to a depth of 2,298 feet on 

October 24, · 1981. Table 3-2 contains an abridged history of the 

c & SH shaft drilling program. 

Liner installation began on November 12, 1981, and was completed on 

December 3, 1981. A steel liner was installed in 20- and 40-foot 

sections in the shaft above the salt formation. The steel sections 

were connected d.uring installation using full-penetration bevel welds. 

Nondestructive radiographic examination was performed on each welded 

section. The liner was partially floated into place by filling the 

shaft ~'th brine and adding brine to the inside of the liner to 
overca. the effect of buoyancy. Additional support for installation 

was provided by the drilling derrick and draw works. After the liner 
was in place, the annular space was grouted by the tremmie method. The 

grouting was completed on December 8, 1981 • 
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Table 3-2 

C ' SH SHAFT - ABRID&ED DRILLIN6 HISTORY 

Location: 

Elevation: 

Drilling Contractors/Rig Types: 

Drilling Data Augered: 

Spudded: 

COIIPleted: 

Casing: 

Drill Hole: 

Drilling Fluid: 

Directional Survey Contractor: 

Bottom Hole Coordinates: 

Horizontal Displacement: 

Page 1 of 2 

Eddy County, New Mexico; 
New Mexico &rid Coordinates 
X 666894.89, Y 499687.23 

&round Surface • 3410.5 ft MSL 

Meredith Drilling Company/Auger 
(11.0 ft to 97.5 ft*); 

Challenger Drilling Company/ 
National 125 Jacknife Rotary 
(97.5 ft to 2,298 ft) 

May 18 to June 17, 1981 

July 4, 1981 

October 24, 1981 

18D-in. corrugated .etal pipe, 
ground surface to 11 ft; 

144-in. steel casing, 
ground surface to 93.4 ft; 

12D-in. steel liner, ground 
surface to 846 ft 

142-in. (nominal) diameter uncased 
borehole to a total depth of 
2,298 ft 

Brine 

Sperry-Sun (6yroscopic Multishot 
Surveys) 

X 666893.45, Y 499686.56 at 
2,276 ft 

1.59 ft s 65.03• w at 2,276 ft 
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Table 3-2 (continued) 

C & SH SHAFT - ABRIDGED DRILLING HISTORY 

Geophysical Logging Contractors: 

Geophysical Logs: 
Fluid Density (D) 
Fluid Density (B) 

Density (B) 
Caliper (3-d1ameter/aver.) (B) 

Epithermal Neutron (B) 
Gamma Ray (B) 

Fluid Density (B) 
Nuclear Cement Top Locator (NCTL) (B) 

Nuclear Annulus Investigation 
·Log (NAIL) (B) 

- Fluid Density (D) 

Page 2 of 2 

Birdwell(B) and Dresser Atlas(D) 

October 16 to December 17, 1981 
1.200 ft to 550ft 

750 ft to 20 ft 
2,294 ft to 50 ft 
2.294 ft to 50 ft 
2.294 ft to 50 ft 
2,300 ft to 0 ft 

400 ft to 100 ft 
B27 ft to 0 ft 

839 ft to 0 ft 
2,250 ft to 2,003 ft 

* All depths measured from ground surface • 
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A key was constructed at the base. of the steel liner during March and 

April 1982. The key is 37 1/2 feet long and constructed of reinforced 

concrete. Key construction required additional excavation in the salt 

below the liner to enlarge the shaft diameter. After the installation 

of reinforcing steel. drains. geomechanical instruments. grout pipes 

and block-outs for the injection of chemical seals. concrete was placed 
in several. lifts from the bottom of the key to the bottDII of the 
liner. Finally. the chemical seals were placed by injection. 

3.4.2 Waste Shaft 

Drilling of the SPOY ventilation shaft startu on December 24. 1981. 

·and was completed to a depth of 2.196 feet on March 10. 1982. The 

drilling operation was performed with the same drill rig used to drill 

the C ' SH shaft. The drill bit was a 72-inch diameter full-face 
rolling cutter head. An abridged history of the shaft drilling is 

presented in Table 3-3. Except for a 97-foot long surface casing. the 
ventilation shaft was unlined. The ventilation shaft. and later the 

waste shaft. sened as the . exhaust for the underground· _facility until 

excavation of the permanent exhaust shaft was completed. 

Enlargement of the SPDV ventilation shaft to become the waste shaft 

began in October 1983 (Table 3-3). This enlargement was performed from 

the top to the bottom of the shaft using the smooth-wa 11 d ri 11 and 

blast _method. The blasting was accomp1ished in 10-foot rounds that 
pel"'litted the muck to fall down the 6-foot diameter shaft to the 

facility level. The muck was removed from the waste shaft station and 

hauled to the surface via the salt-handling skip in the c ' SH shaft . 

. Construction of the unreinforced concrete liner closely followed this . ·~ 

excavation. Typically. the shaft crew would take out three rounds 

(30 feet) of rock before placing one 24-foot section of concrete. This 

arrangement normally left nq more than 6 feet of unlined shaft below 
the concrete. 
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Table 3-3 

WASTE SHAFT - ABRIDGED CONSTRUCTION HISTORY 

Location: 

Elevation: 

Ventilation Shaft 

Drilling Contractors/Rig Types: 

Drilling Data Augered: 

Spudded: 

Completed: 

Casing: 

Drill Ho 1 e·: 

Drilling Fluid: 

Directional Survey Contractor: 

Bottom Hole Coordinates: 

Horizontal Displacement: 

Page 1 of 2 

Eddy County, New Mexico; 
New Mexico Grid Coordinates 
X &66920.76, Y 499286.92 

Ground Surface • 3407.5 ft MSL 
Shaft Collar • 3407.9 ft MSL 

(ventilation shaft) 
Shaft Collar • 3409.0 ft MSL 

(waste shaft) 

Meredith Drilling Company/Auger 
(8.0 ft to 98.2 ft*); 

Challenger Drilling Company/ 
National 125 Jacknife Rotary 
(98.2 ft to 2,196 ft) 

June 13 to 17, 1981 

December 24, 1981 

March 10, 1982 

108-in. corrugated metal pipe, 
ground surface ·to 8 ft; 

74-in. steel casing, 0.5 ft 
above ground surface·to 96.9 ft 

72-in. (nominal) diameter uncased 
borehole to a total depth of 
2,196 ft 

Brine 

Sperry-Sun (Gyroscopic Multishot 
Surveys) 

X &66918.81, Y 499285.81 at 
2,177 ft 

2.25 ft s 60.2• w at 2,177 ft 

3-21 



Table 3-3 (continued) 

WASTE SHAFT - ABRIDGED CONSTRUCTION HISTORY 

Shaft Survey Contractor: 

Horizontal Displacement: 

Geophysical Logging Contractor: · 

Geophysical Logs: 
Caliper (3-diameter/aver.) 

Epithermal Neutron 
Density 

6aana Ray 
Fluid Density 

Waste Shaft 

Excavation Contractor: 

Excavation Method: 

Finished Shaft Diameter: 

Shaft Collar Excavation Began: 

Liner Plate and Concrete Backfill 
Completed: 

Collar Pads and Sinking Headframe 
Foundations Poured: 

Concrete Liner Constructed: 
(including key) 

Liner Plate at Magenta Dolomite 
&routed: 

Liner Plate at Culebra Dolomite 
· &routed: 

Salt Section Excavated: 

Swap Excavated: 

Liner &routed: 

Cementation West. Inc. 

1.37 ft swat 2,150 ft 

Birdwell 

March 8 to 10. 1982 
2,190 ft to 0 ft 
2,190 ft to 0 ft 
2,190 ft to 0 ft 
2,100 ft to 0 ft 
2,191 ft to 1,800 ft 

Page 2 of 2 

Ohbayash1 Corporation 

Smooth-wall drill and blast 

Lined • 19 ft 
Unlined • 20 ft minimum 

October 11, 1983 

November 12. 1983 

November 14, 1983 

November 30, 1983, to April 3, 
1984 

March 8 to 10. 1984 

April 3 to 5, 1984 

April 7 to June 11. 1984 

June 20 to August 8, 1984 

August 11 to 25, 1984 

* All depths measured from ground surface. 
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As part of the shaft design, both the Magenta and Culebra dolomite 

members of the Rustler formation were overexcavated and covered with 

steel liner plate -prior to concrete placement. The space between the 

liner plate and the rock provided room for water from these 

water-bearing zones to accumulate. This allowed the concrete liner to 

reach full strength without damage from hydrostatic pressure buildup. 

After the concrete liner had reached full strength, this annular space 

was grouted with Portland cement grout at a 1:1 cement-to-water ratio. 

Construction of the waste shaft key · was nearly identical with that of 

the C & SH shaft key. The key is 63-feet long and composed of 

reinforced concrete. The shaft was overexcavated and the reinforcing 

steel, drainpipes, geomechanical instruments and chemical seal 
blackouts were installed. Unlike in the C & SH shaft, the chemical 

seals were placed between lifts of concrete. Concrete was placed from 

the bottom of the key to the top in several lifts, with construction 

joints at the top of each 11ft and at each chemical seal blqckout. At 

the chemical seal locations the seal material was placed into the 

blackout prior to placing the next 11ft of concrete. Construction .of 

the shaft liner and key was completed on April 3, 1984. 

Excavation of the shaft to its 2D-foot finished diameter below the key 

began on April 7, 1984. This section of the shaft is lined with wire 

mesh anchored by 3-foot long rock bolts. Mesh installation, like liner 

installation, was accomplished concurrently with excavation. The shaft 

enlargement reached the facility level · on June 11, 1984. The shaft 

sump was excavated between June 30 and August 8, 1984. The sump 

extends approximately 122 feet below the facilitY level. 

The concrete liner and grouting at both water-beiring zones did not 

completely prevent water from entering the shaft.. Water seeped through 

the liner at construction joints and some cracks from a depth of about 

560 feet to 835 feet. A grouting program was undertaken to seal these 

leaks in August 1984. A total of 628 bags of Portland Type v cement, 

103 bags of · MC-500 microfine cement, and 76 gallons of Scotch-brand 
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5600 fom chemical grout were injected into 293 drilled holes (ref • 

3-3). The grouting significantly reduced, but did not eliminate. water 

·seepage through the concrete liner. 

3.4.3 Exhaust Shaft 

The exhaust shaft was constructed in two phases over a 16 month 
period* The first phase was the excavation of a &-foot diameter pilot 
shaft using upreaming techniques. The second phase consisted of 
enlargement of this shaft by conventional dr,ill and blast methods and 

lining of the upper 907 feet. The construction history is summarized in . 
Table 3-4. 

Shaft excavation began on September 22. 1983, with the drilling of a 

pilot hole. The pilot hole was a 7 7/8-inch diameter hole drilled from 
the ground surface to intersect with the S400 drift at a depth of about 

2.150 feet. Therefore. directional control of the hole was critica1. 

The upper 80 feet of the pilot hole was augered. then lined with a 

surface casing. Drilling progressed to a depth of 744 feet using a 

tri-cone roller bit and compressed air. A •Dynadrill• was then used to 

correct hole alignment from 735 to 1,183 feet based on the results of 

gyroscopic hole surveys. The circulating medium was also changed at 

this time from air to brine. The tri-cone bit was used to complete the 

pilot hole. The hole diameter was then reamed to 11 inches from the . 
· surface to the facility level. again using a tri-cone roller bit. 
Pilot hole drilling was completed on December 16, 1983. 

Excavation of the pilot shaft was performed by reaming the 11-inch 

diameter pilot hole to a diameter of 6 feet. This was accompli shed by 

·the raise~bore method. Reaming was performed from the facility level 
to the ground surface. The raise-boring operation was conducted from 
December 31. 1983. to February 10. 1984. using a Robbins series 61Rll31 

raise-bore machine. This ~~&chine utilizes a full-face rolling cutter. 
head pulled to the surface with hydraulic jacks. Drill cuttings fell 

to the facility level and were hauled to the surface via the c & SH 
shaft. 
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Table 3-4 

EXHAUST SHAFT - ABRIDGED CONSTRUCTION HISTORY 

Location: 

Elevation: 

Excavation Contractor: 

Excavation Method: 

Subcontractors for Raise-Bore 
Excavation: 

Finished Shaft Diameter: 

P11ot Hole Drilled: 

Raise-Bore Excavation: 

Shaft Collar Excavation Began: 

Liner Plate and Concrete 
Backfill Completed: 

Concrete Liner Constructed: 
(including key) 

Liner Plate at Culebra 
Dolomite Grouted: 

Liner Plate at Magenta 
Dolo.ite Grouted: 

.I 

Silt Section Excavated: 

Liner Grouted: 

Eddy County, New Mexico; 
New Mexico Grid Coordinates 
X 667370.39, Y 499287.23 

Shaft Collar • 3411.5 ft MSL 
Shaft Reference • 3409.0 ft MSL 

Ohbayashi Corporation 

Raise-bore 6-ft diameter pilot 
shaft; smooth-wall drill and 
blast to final dimensions 

Raisebore, Inc., and 
J. S. Redpath Co. 

lined • 14 ft 
Unlined • 15 ft 

September 22 to December 16, 1983 

December 31, 1983, to February 10, 
1984 

July 15, 1984 

July 17, 1984 

July 18 to November 29, 1984 

December 2 to 4, 1984 

December 4 to 5, 1984 

December 7, 1984, to January 17, 
1985 

June 1 to July 31, 1985 
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·Enlargement of the pilot shaft fro~~ 6 feet to the final exhaust shaft 

diameter of 15 feet began on July 15, 1984, and was accomplished by 

drilling and blasting in lG-foot rounds. Excavation was performed from 

the ground surface to the facility level. The rock wa-s blasted into 
the open pilot shaft so that it fell to the facility level where it 

could be removed and hauled to the surface via the C ' SH shaft. 

The upper 8« feet of the exhaust shaft is lined with unreinforced 

concrete. As in the waste shaft, construction of the exhaust shaft 
liner occurred concurrent with the drill and blast excavation. 
Concrete placement for· the liner was completed on November 29, 1984. 

The two water-bearing zones in the Rustler formation, the Magenta and 
Culebra dolomites, received the same special treatment that was 

performed in the waste shaft. Each zone was overexcavated and covered 
with steel liner plate prior to placing the concrete liner. After the 
liner had cured, grout was injected behind the liner plates. 

Exhaust shaft key construction, similar to that in the waste shaft, was 

performed in November 1984. The key consists of reinforced concrete 
and extends from a depth of 844 to 907 feet. It initially contained 2 
chemical seals, 8 telltale drains, 2 guide pipes for test hole · 
drilling, and geomechanical instrumentation. Placement of th~ concrete 
and che.ical seal material was identical to that performed in the waste 

shaft. Two additional sets of telltale drains were installed in the 
key by drilling after its construction. Each set contains nine 

drains. One set was installed above and one set below the initial 
eight-drain set. 

The exhaust shaft is 15 feet in d·iameter from the bottom of the key to 

· the facility level. For safety, the walls are covered with wire mesh 
anchored by rock bolts. Excavation of the shaft to its final 
dimensions was ca.pleted on January 17, 1985. 

As in the waste shaft, water began seeping through the exhaust shaft 
liner at construction joints and small cracks. Total water inflow 
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through the 11ner was ~~easured at 0.35 gallons per ainute in January 

1985. A grouting program, using Portland cement and chemical grout, 
was conducted from June 1 through July 31, 1985, to seal these leaks 
and to ensure that the integrity of the shaft key was maintained. A 
total of 164 bags of Class C cement and 826.9 gallons of Terragel 5531 

chemical grout were used. The total water inflow was reduced by this 
grouting to an essentially non-measureable quantity • 

. 3.4.4 Drifts 

The exploratory (C ' SH) shaft station was the first underground 
horizontal opening excavated after completion of the SPDV exploratory 
and ventilation shafts. The initial shaft station excavation was 
performed from May 2 to June 3, 1982, using the drill and blast 
method. The station was trianed to its final dimensions using the 
Dosco continuo~s mining machine discussed later in this subsection. 
The station area north of the shaft is 32 feet long, 32 to 35 feet wide 
and 12 feet high. South of the shaft, the station is 90 feet long and 
32 to 38 feet wide. The height of the station south of the shaft is 18 
feet for a distance of 54 feet and 14 feet for the remaining 36 feet • 
Cartridge water-gel explosives detonated by electric detonators were 
used for the drill and blast excavation. A detailed description of the 
SPDV exploratory shaft station excavation is presented in the WIPP 
Preliminary Design Validation Report (ref. 1-3). 

Following the initial excavation of this station, the drill and blast · 
method was used to excavate a drift southward to provide a connection 
between the two shafts so ventilation could be established. This drift 
was approximately 310 feet long, 18 feet wide and 9 feet high. 
Excavation of the drift was accomplished from June 3 to June 13, 1982. 

The only other major use of the drill and blast method at the facility 
· level- was for construction of the loading pocket in the SPDV 
exploratory shaft. This pocket was constructed from June 1 through 30, 
1982, on the north side of the shaft below the facility floor level • 
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It was later outfitted with a steel hopper and other equipment 

associated•with the salt handling system. 

The initial (SPDY) underground construction phase was conducted by 

cementation West,· Inc.. of Tucson, Arizona. A British-made Dosco LH 

1300, boom-type continuous mining machine was mobilized underground to 

the SPDY exploratory shaft station during late sunaer of 1982. This 
machine was used to excavate · the remaining horizontal underground 
openings during the SPDY Program. Th~ Dosco was capable of excavation 
rates of 1,000 to 1,200 tons per 24 hours (excavation was conducted on 

a three-shifts-per-day, seven-days-per-week basis). However, the 
excavation rate was often much less due to numerous .construction and 

engineering related constraints. The mining machine was demobilized in 

May 1983 at the completion of the SPDY Program. 

A second underground construction contract for full WIPP construction 

was awarded to Ohbayash1 Corporation of South San Franicsco, 
California. During this phase of construction, two Japanese Mitsui 

Miike, boom-type continuous mining machines were used for excavation of 
the underground horizontal openings. Each of these 111chines excavated 
at a rate of 300 to 400 tons per 24 hours. These machines were 
mobilized to the underground facility in October 1983 and demobilized 

in April 1985. 

A sunaary of the excavation sequence for the underground horizontal 

openings is presented on Figure 3-4. Th1s figure shows the mining · 
progress on a daily basis from October 14, 1982, through March 31, 

1986. The underground mining operation was performed in the same . 

manner during both construction phases regardless of the type of mining 

.~~achine ~eing used. The rotating head on the bo011 of the mining 
machine cut the salt away from the working face. The •muck• was pulled 

through the machine on a conveyor and deposited in one of several types 

of haul vehicles. · Typically, the haul vehicles were underground trucks 

capable of carrying about 5 tons of muck. Other vehicles used included 
LHDs (Load-Haul-Dump, a type of front-end loader) and a tel~scop1ng-bed 

• 

• 

haul truck. · The trucks carried the muck to the C ' SH shaft station • 
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and dumped 1t 1nto the loading pocket. From there, the muck was 

carried to the surface 1n 7- to 8-ton loads in the skip. The skip 

dumped the muck at the surface into so-ton Caterpillar or Euclid haul 

trucks which then carried the muck to the surface salt storage area. 

During and immediately after excavation, a sounding survey of the roofs 

in the horizontal openings was made us.ing a scaling bar to identify 

areas of drummy or slabby rock which could pose safety or stability 

problems. Remedial work was performed innediately after sounding in 
any areas identified as potentially unstable. This work consisted of 

hand-scaling thin drunny areas, removing larger drunny areas up to 18 

inches thick with the mining IDICh1ne, or rock bolting. In addition, 

two follow-up surveys were 111de of the roofs 1n all of the horizontal 

openings excavated at the time of the survey. The first survey was 

completed in July 1983 and the second in November 1984. Remedial work 

was performed on problem areas identified during these surveys. This 

work consisted of scaling, excavation, or rock bolting. It should be 

noted that the drummy areas identified during the July 1983 survey were 

sounded again in the November 1984 survey and did not show any 

noticeable enlargement. 

Rock bolts are used selectively throughout the underground drifts for 

both remedial work and safety. The roofs of many high-traffic 

personnel areas are p~ttern bolted and covered with wire mesh as an 

additional safety precaution. 

The C & SH shaft station has presented the majority of problems 

associated w1th roof stability. Due to .its initial excavation by the 
drill and blast method, and the. proximity of overlying clay seams, the 

roof· in the station has required support by a large number of rock 
, . I • 

bolts. The •thod of rock bolting has evolved through several phases 

due to the effect of salt creep on roof separation along the clay .seams •. 

Rock bolts were initially installed in the. C & SH shaft station roof 
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fro~~ May 9 to June 20, 1982. These bolts were 1 1nch 1n diameter, a, 

10 or 12 feet 1n length, and made of grade 60 steel. They were • 

anchored using resin cartridges. 

These resin-anchor bolts began failing at the head assemblies shortly 

after their installation was completed. The failed bolts were replaced 

with a-foot long, 5/a-1nch diameter mechanical-anchor boltS With 2 X 12 

x 12-inch wooden blocks installed between the steel head assembly plate 

and the salt. A total of over 400 resin-anchor and mechanical-anchor 

bolts were installed in the shaft station roof through April 19a3. 

During December 19a3 and January 19a4, 146 additional mechanical-anchor 

bolts. 5/a inch in diameter and a feet long, were installed in the 

c & SH shaft station roof. In May 19a4, another 91 similar anchor 

bolts were installed. After the mechanical-anchor bolts . were 

installed, the nut and head · assembly plate were cut off those older 

resin-anchor bolts showing evidence of excessive deformation. This was 

to prevent injury to personnel from falling nuts and plates should 

these resin-anchor bolts fail. 

From mid-April through early August 19a5, approximately 133 3/4-inch 

diameter mechanical-anchor bolts. 6 and a feet long, were installed in 

the station roof · on· approximately 3 1/2-foot centers. In addition. 245 

resin-anchor bolts. 1 inch in diameter, were anchored above anhydrite 

•b• ·and across anhydrite •a•. These bolts ~ere 12 .and 14 feet in 

length. The entire station roof was covered at this time with wire 

mesh secured with 2-foot long. 5/a-inch diameter mechanical-anchor 

bolts. A~proximately 750 of the 2-foot long bolts were installed. 

~ 

Although some resin-anchor bolts were used in the SPDV drifts and test 
rooms excavated in 1982 and 19a3, mechanical-anchor bolts have been 
used in all subsequently excavated areas. Bolt lengths vary from 2 to 

a feet in the drifts and roOIIS. Wire mesh secured by 2-foot long 
mechanical-anchor bolts has been installed on the roofs of all 

• 

high-traffic personnel areas. This includes instrument-shed and • 
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electrical alcoves. many of the shop areas. and some of the brows above 
the entries to the waste experimental rooms. Rock bolts and wire mesh 
have also been installed in the roof of the Nl40 crosscut. 

Rock bolts and wire mesh have been installed for roof support in the 
waste shaft station waste transfer area. The bolts, 3/4 inch in 
diameter and 12 feet long. are mechanical-anchor steel bolts set on 

nominal 4-foot centers. 

3.4.5 Test Rooms 

As part of the SPDV Program. four test rooms were excavated at the 
north end of the underground facility (Figure 3-4) by Cementation West, 
Inc., using the Dosco mining machine. The test room excavation was 
conducted from March 9 to April 25. 1983. Test Room 2 was excavated 
first, followed by Test Rooms 3, 1 and 4, in that order. Each room was 
excavated in a series of six passes along its longitudual axis (Figure 
3-5). The first pass was the largest in cross section and was 
conducted down the center of the planned room along its roof. This 
pass was approximately 15 feet wide and 8 feet high. The second and 
third passes were conducted on either side of the first pass. Each of 
these . passes were about 9 feet wide and 8 feet high. The last three 
passes lowered the floor 5 feet to complete the room excavation to its 
design height and width of 13 x 33 feet • 
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CHAPTER 4 

SUPPORT1N6 VALIDATION DOCUMENTS 

4.1 INTRODUCTION 

This chapter discusses the principle documents containing information 

used to support design validation. These documents are the Waste 

Isolation Pilot Plant Preliminary Design Validation Report (ref. 1-3} 

and geotechnical field data reports (refs. 4-1 thru 4-19). These 

documents contain all of the data which has been collected, analyzed 

and evaluated for design validation since site construction activities 

began in July 1981. Other documents pertaining to design and site 

characterization are referenced throughout this report. However, they 

are considered p~ripheral documents not directly related to the design 

validation process and, therefore, are not described in this report. 

Because these other reports are public documents, they are available to 

anyone interested in obtaining additional background information or 

detailed data on the WIPP project • 

4.2 PRELIMINARY DESIGN VALIDATION REPORT 

The following subsections present a suaaary of the WIPP Preliminary 

Design Validation Report produced for the SPDY Program described in 

Chapter 1. 

4.2.1 Purpose and Objectives 

The purpose of the WIPP Preliminary Design Validation Report was to 

provide documentation on the behavior of the initial underground 

openings. Four types of information were gathered for this purpose: 

(1) .• observations of the behavior of the underground openings; 

(2) descriptions of the geologic conditions encountered during 

SPDY underground construction; 
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(3) descriptions of core suples froll instrumentation and 

exploratory holes in the roof and floor of the underground 

. openings; and 

(4) data from installed geomechanical instrumentation. 

The objective of the report was to provide initial evaluations of the 

suitability of the · design criteria and design bases and initial 

confirmation of the underground opening reference design in order to 

penait full facility construction. This initial confirmation was based 

on data obtained from geologic field activities and geomechanical 

instrumentation which were subjected to preliminary analysis and 

evaluation. 

4.2.2 Data Acquisition Program 

The preliminary design validation data acquisition program consisted of 

geologic field activities which provided information for initial 

validation · of the WIPP underground opening reference design. Data was 

• 

obtained from three principal activities: • 

(1) geologic mapping; 

(2) vertical core hole logging; and 

(3) geomechanical instrument measurements. 

All of the data collected was verified at the site field office. then 

sent to the DOE/Technical Support Contractor (TSC) offices in 

Albuquerque, New Mexico. for preparation and inclusion into the &FDRs 

and othe,. reports. Due to the qualitative nature of the geologic 
•pping and core hole data. efforts for preparation of this material 

generilly req_uired only 11•ited evaluation. editing and drafting. The 
geOCRchanical instrw~entation data. however. required 110re extensive 
preparation and analysis due to its applications to various aspects of 
underground opening behavior and the calculation of in situ salt 
properties. 

4-2 

•• 



• 

• 

• 

4.2.3 .&eoaechan1ca1 Instrumentation 

The SPDV geoaechanical instrumentation program for the WIPP was 
designed to provide empirical data on the behavior of the salt around 
the underground openings and on the pressure developed behind the 
exploratory shaft liner and key by ground water and salt creep. The 
objective of the geomechanical instrumentation program for SPDV was to 
provide: 

(1) short-term in situ measurements for assessment of the 
preliminary design performance of the underground openings; 

(2) early detection of conditions that could affect the safety of 
personnel during construction; and 

(3) data on adverse ground conditions that may be developing. in 

order to identify potential problems and plan and implement 
remedial measures. 

Instruments were initially installed in the SPDV exploratory shaft • 
exploratory shaft station, ventilation shaft station, the EO, El40 and 
NllOO drifts, and the S90 crosscut to provide data input for the WIPP 
Preliminary Design Validation Report. The exploratory drift extending 
south of the ventilation shaft was added to the SPDV Program to provide 
additional information on the geology in the area proposed for 
excavation of the waste storage· rooms. 6eomechanical instruments were 
installed at several locat·ions in this drift. 

For the WIPP Preliminary Design Validation Report, borehole 
extensometer and convergence point data from the SPDV exploratory 
shaft, as well as data from the ventilation shaft station and drifts, 

·• 
were insufficient to esti•te long-tem closure rates. Most drift 
extensometers and convergence · points had been installed only a 
relatively short ti11e before the report was prepared. A period of 1 
year or .are was thought to be required before a relatively steady 
closure rate could be established. The data were useful in 
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demonstrating short-tenD stability of the excavations and for 
developing cumulative closure amounts. Instruments with the most 
extensive data typically showed a maxiiDUII of only 3 or 4 months of 
regular monitoring since installation. 

4.2.4 Preliminary Conclusions 
Preliminary conclusions presented in the WIPP Preliminary Design 
Va11dat1on Report were: 

(1) The walls of the finished shafts are stable, both in the 
overburden and salt formations. The mapped shaft 
stratigraphy is generally comparable to the stratigraphy used 
in the design. 6round;,ater control 1s satisfactory. The 
shaft liner and shaft key are performing as expected. No 
major revision of design elements or parameters is foreseen 
for future WIPP shafts as a ·result of the findings of 
preliminary design validation. 

(2) The underground horizontal openings are also stable. After 
excavation, repeated inspections of the exploratory and 
ventilation shaft stations, entry drifts, crosscuts and the 
south exploratory drift revealed essentially no deterioration 
in rock stability. The underground drifts and shaft stations 
are stable and provide safe working conditions. 

(3) Encounters of gas were expected and are typical of nearby 
potash mines. The s11111 amount of gas encountered 1s we 11 
below the 11111t permitted in the underground facility by MSHA 
regulations. No brine pockets have been encountered or 
.detected during excavation of the shafts and underground 
openings. 
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4.3 6£0TECHHICAL FIELD DATA REPORTS 

4.3.1 Background 

The compilation of 6FDRs was initiated by the DOE to provide 

geotechnical and related information from the WIPP underground 

activities to interested persons or groups in a timely manner. These 

reports provided data from the two major phases of WIPP development: 

SPDV and full construction. As discussed previously, SPDV was 

established as an early construction phase to permit va11dat1o" of the 

WIPP site and preliminary validation of the reference design of the 

underground openings. The full construction phase following SPDV was 

utilized to continue visual inspections of the underground openings. 

monit~ring and interpretation of data from geomechanical instruments, 

and evaluations and computational analyses of the behavior of the 

underground openings for·design validation. 

The 6FDRs were eventually produced on a quarterly basis. These 

quarterly reports contain an evaluation of selected aspects of the WIPP 

underground environment based on preliminary interpretation and 

analyses of data collected from the above activities. The analyses and 

evaluations contained in the 6FDRs provide the supporting documentation 

required for design validation. 

4.3.2 Objectives 

As stated in the 6FDRs, the geomec~anical. instrumentation program for 

SPDV and design validation was designed and implemented to provide in 

situ data on the behavior of the rock (prilllrily salt) around the 

shafts and horizontal underground openings. More specifically, the 

instrumentation progra. was designed to provide~ 

·c1 )~ early detection of conditions that could affect operational 

safety; 

(2) ~M»n1tor1ng of closure rates to · allow evaluation of waste 

stOrage and retrievability; 
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{3) a greater understanding of the in situ behavior of bedded 

salt by comparison of observed response with current facility 

reference design calculations; and 

{4) measurements of salt deformation and stresses to confirm or 

indicate the necessity for revisions to the opening 
configuration and the parameters used in underground facility 
design based on clearance requirements. 

4.3.3 &eomechanical Instrumentation 

An extensive geo.chanical instrumentation progru was implemented to 
provide in situ data on the shafts and horizontal · underground openings 

as part of the investigations performed at the WlPP site. These 

instruments have been providing data on deformation, pressure, loads 

and stress on a regular basis for analysis and evaluation. Inst.ruments 
for measuring the geomechanical response of the shafts and horizontal 
underground openings include convergence points, convergence meters, 
multiple-point and single-point borehole extensometers, load cells, 

• 

pressure cells, stressmeters, strain gauges, inclinometers, piezometers • 
and lateral movement gauges. 

Data from these geomechanical instruments are read remotely by an 

automatic datalogger system and/or collected manually. All data 
obtained are entered on magnetic tape for data reduction, . tabulation, 

analysis and archiving. Data collected fro~~ the geomechanical 
instruments have been doc&lllented in the &FDRs. These data are the 
basis for analysis and evaluation by the project participants and other 

interested groups. The geoaechanical instruments provide data for the 
analysis and evaluation of several phenomena at various locations, 

including ·' strain in the C ' SH shaft key, water pressure behind the 
C ' SH and waste shaft liners, radial closure of shafts, pressures 
between shaft keys and wall rock, roof-to-floor and wall-to-wall . . 
closure in the shaft stations, drifts and roOIIS, and displacements at 
depth into the walls, roof and floor of shaft stations, drifts and 
roOIIS. 
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The frequency of data collection 1s detenained on a per instrument 

basis and 1s dependent upon instrument location, method of instrument 

• · reading (manual or data logger), and the number of days elapsed since 

• 

• 

excavation at . the instrument location. After installation, the 

instrument is read frequently, but with time this reading frequency is 
decreased since the rate at whjch the salt mass responds following 

excavation also decreases w1th time. 

The geomechanical instrumentation data are presented graphically in the 

GFDRs and represent readings co 11 ected from the WI PP site s i nee April 
1982. The data plots in the reports are grouped by areas within the 

underground facility and also by instrument type. The data plots are 
updated as new data become available. Suanary tables of the 
instruments, with the latest readings and the operating histories, are 
also presented in the reports. 

4.3.4 Geologic Data 

Geologic data presented in the GFDRs have included the results of 

geologic mapping activities, core hole logging, and observations of the 

condition and behavior of underground opening surfaces. Geologic maps 

of the shafts and representative horizontal opening surfaces have been 

presented periodically in the GFDRs or in topical reports issued 

separately. Geologic logs containing descriptions of core samples 

obtained from core holes in the underground openings were presented in 

the SFDRs as they became available. 

Frequent observations by project geotechnical personnel have provided 

qualitative detenainations of the condition of the underground 

openings. These assessments were presented in the GFDRs to document 

changes . in the condition of the ·underground openings and in salt .. 
behavior on a regular basis. Observations such as the condition of the 

roof and rock bolts in shaft stations, fractures in pillar corners at 
drift intersections and in the salt surrounding the drifts and rooms, 
behavior of the roof and walls of the drifts and rooms, and horizontal 
displacements, vertical separations and fracturing detected in open 
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boreholes were documented. This information has provided important 
input for design evaluation and safety assessments. 

4.3.5 6eomechan1cal/Structural Analyses 

The quarterly. 6FDRs contain sections on both geotechnical and 
computational analyses. These sections present analyses of various 
elements of the underground excavations. The analyses are updated 
periodically to include the aost current data available at the time the 
reports are published. They have provided a significant amount of 
information related to the geomechanical and structural behavior of the 
underground openings. 

... 
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5.1 INTRODUCTION 

CHAPTER 5 
METHODOLOGY 

Design validation of the WIPP underground openings is accomplished by 
detenmining the compatibility of the design criteria, design bases and . 
reference design configurations using site specific information. 
Design validation also allows for the development of recoanendations to 
improve or optimize the reference design. The methods used to validate 
the reference design may also be used to validate any recommended 

design modifications. Mathematical models containin9 the modifications 
can be generated and analyses performed to predict the future behavior 
of the modified reference design. 

The design validation process consists of three major steps: 

(1) data collection; 

(2) analysis and evaluation; and 

(3) prediction of future behavior. 

Sections 5.2 through 5.4 present the methods used for data collection, 
analysis and evaluation, and prediction of future behavior. 

5.2 DATA COLLECTION 

One of the principal areas of effort in support of design validation 
was the COIIIP1lation of geotechnical data. This data formed the basis 
for lat~r analysis and evaluation and for predictive .adeling. Data 
collected fro. geologic mapping, core drilling and logging, laboratory 
testing. geomechanical instrumentation and field observations have 
provided information for validation of the underground opening 
reference design. These data can be categorized based on their 
relationship to observations of geologic conditions or to structural 
behavior. Geologic observations include an assessment of the rock 
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characteristics; stability of the openings in rock; reaction of the 

rock to excavation: and movements along clay seams. Structural 
behavior is the development or modification of stresses and strains in 
the salt created ·by excavation of the underground openings, and the 

pressures occurring at rock/structure interfaces. 

5.2.1 &eologic Mapping 

6eologic mapping of the shafts, drifts and test rooms was conducted by 

site geologists. The objectives of the .. pping were: 

(1) provide confir"'lltion and docu.entation of the continuity of 
the stratigraphy, lithology and structure above and below the 
facility horizon; 

(2) evaluate any geologic conditions which may affect the 

excavation, stability,_ or safety of the horizontal openings; 

(3) support field adjustments and 110d1fications to the reference 

design based on the geologic conditions encountered; and 

(4) finalize geomechanical instrument locations. 

5.2.2 Core Ori11ing and Logging 

Information on stratigraphy and lithology was obtained fro. core holes 

drilled into the floor and roof of the underground openings. The 
objectives of the core drilling program were: 

(1) confil"'l the thickness, lateral extent, aineralogy . and 

stratigraphic continuity of the host rock beyond the liaits 
·'of the excavations; 

(2) confira the continuity of the geologic structure and the 

absence of any unusual features within the 1a~tdiate zone of 
influence of the excavations; and 
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(3) obtain stratigraphic infonaation in order to determine 
extensometer anchor depths • 

Details of the core drilling program are discussed in Chapter 6. 

5.2.3 Laboratory Testing 

Initial laboratory tests were performed on core samples of evaporite 
minerals and clay from exploratory boreholes. AEC-7 and ERDA-9. These 
tests were performed by RE/SPEC, Inc., of Rapid City, South Dakota, and 
by SNL (refs. 5-1 and 5-2). The evaporite samples were tested in 
triaxial vessels at both room and elevated temperatures. Quasi-static 
compression tests were performed under different constant confining 
pressures and variable axial loads in steps, each load step being 
maintained for about 10 minutes. Quasi-static compression tests were 
consider~d as constant stress-rate tests for all practical purposes. 
Direct shear tests were performed on samples of clay to determine the 
coefficient of sliding friction. 

5.2.4 6eomechanica1 Instrumentation 

6eomechanical instruments in the WIPP underground facility provide data 
on deformation, pressure, loads and stress. Instruments for measuring 
the geomechanical response of the shafts and other underground openings 
include convergence points, convergence meters, multiple-point and 
single-point borehole extens0111eters, load cells, pressure cells, 
stressmeters, strain gauges, inclinometers, piezometers and lateral 
movement gauges. Data from the geomechanical instruments are collected 
manually as well as read remotely by an automatic datalogger system at 
the surface. All data are entered on magnetic tape for data reduction, 
tabulation, analysis and archiving·. These data are a basis for the 
analysi~ and evaluation of underground opening behavior. 

The geomechanical instrumentation progru for design validation was 
designed and implemented to provide in situ data on the behavior of the 
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rock (primarily salt) around the shafts and underground openings. More 

·specifically, the instrumentation program was designed to provide: 

(1) early detection of conditions that could affect construction 

and operati~nal safety; . 

(2) closure monitoring for evaluation of the ability of the 
underground openings to pen.it waste storage and retrieval; 

(3) a greater understanding of the in situ behavior of bedded 
salt by 1 COIIIP4rison of the observed responses with 
underground opening reference design calculations; and 

(4) •asuraents of salt defonaation to perwit confii"1DDtion or 

revision of the opening configurations and the parameters 
used in the underground opening reference design based on 
clearance requirements. 

Tables S-1 through S-5 present information on the distribution of 
geomechanical instruments installed at the WIPP. The instruments 
provide data for the evaluation and analyses of several phenomena at 
various locations, including strain in the C ' SH shaft k~y, water 
pressure behind the C ' SH and waste. shaft liners, radial closure of 
the shafts, pressures between the concrete shaft keys and wall rock, 
roof-to-floor and wall-to-wall closure in the shaft stations, drifts 
and rooms, and displacements at depth into the walls, roof and floor of 
shaft stations, drifts and rooms. 

Data fraa the geoaechanical instruments are collected manually or read 
. ,...,tely by an aut0111tic datalogger systa. The datalogger is a 

.I 

CQIIPuter syst• that aut011atically collects and · records output from 
instru.ents at spec~fied polling ti•s. The signals frail the 
instruments are first sent to local termination ca~inets (LTC) ~ere 

the signal is digitized and then transmitted to the datalogger for disk 
storage. Manual readings are manually entered into the computer 
systea. Changes fraa initial readings and rates of change are 
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Location a·nd Type 

lined Section 

Convergence points 

Piezometer 

Key 

Piezometer 

Pressure ce 11 

Welded strain gauge 

Embedment strain gauge 

Unlined Section 

Multiple-point extensometer 

Convergence points 

Station 

Convergence points 
(includes permanent and 
temporary convergence points 
and wall shortening points) 

Extensa.eter (single-point 
and multiple-point) 

Rock bolt load cell 

Lateral movement gauge 

Table S-1 

C ' SH SHAFT 
IHSTRUM£HTS 

Purpose 

Measure wall-to-wail closure of shaft 

Measures fluid pressure buildup 
behind liner due to water accumulation 

Measures fluid pressure . buildup 
behind key due to water accumulation 

Measures contact pressure buildup 
between concrete key and wall rock 

Measures strain in reinforcing steel 
of shaft key 

Measures strain in concrete of shaft 
key 

Measures salt creep deformation 

Measure wall-to-wall closure of shaft 

Measure roof-to-floor and ·wall-to-wall 
closure of openings and pillar 
shortening 

Measures salt creep deformation in 
roof. floor and walls 

Measures tensile loads on rock bolts 

Measures lateral movement in roof 

s-s 



Location and Type 

Lined Section 

P1 ezo."Deter 

Key 

Piezometer 

Pressure cell 

Unlined Section 

Convergence points 

Mult1ple-po1nt extensometer 

Station 

Convergence po1nts 
(includes permanent and 
temporary points) 

Multiple-point extensometer 

.. 

Table S-2 

WASTE SHAFT 
INSTRUMENTS 

Purpose 

~e!sures fluid pressure buildup 
behind liner due to water accumulation 

Measures fluid pressure buildup 
behind key due to water accumulation 

Measures contact pressure buildup 
between concrete key and wall rock 

Measure wall-to-wall closure of shaft 

Measures salt ··creep defol"''llltion 

Measure roof-to-floor and wall-to-wall 
closure of openings 

Measur.u salt creep deformation . in 
roof. floor and walls 
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Location and Type 

Lined Section 

Piezometer 

Piezometer 

Pressure ce 11 

Unlined Section 

Multiple-point extensometer 

• 

• 

Table S-3 

EXHAUST SHAFT 
INSTRUMENTS 

Purpose 

Measures fluid pressure buildup 
behind iiner due to water accumulation 

Measures fluid pressure buildup 
behind key due to water accumulation 

Measures contact pressure buildup 
between concrete key and wall rock 

Measures salt creep deformation 
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Location and Type 

Convergence points 
(includes penaanent and 
tempGrary convergence points 
and wall shortening points) 

Extensometer (single- and 
multiple-point) 

Table 5-i 

DRIFTS 
INSTRUMENTS 

Purpose 

Measure roof-to-floor and wall-to-wall 
closure of openings and pillar 
shortening 

Measures salt creep deformation in 
roof. floor and walls of openings 

s-a 
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• 
Location and Type 

Convergence points 

Multiple-point extensometer 

Inclinometer 

Rigid-inclusion stressmeter 

Convergence meter 

• 

• 

Tattle s-s 

TEST ROOMS 
INSTRUMENTS 

Purpose 

Measure roof-to-floor and wall-to-wall 
closure 

Measures salt creep deformation in 
roof. floor and walls 

Measures direction and amount of salt 
movement above the roof. below the 
floor. and in the walls 

Monitors changes in stress within 
anhydrite 

Measures vertical closure 

5-9 



calculated and stored"in the computer. The data is transferred monthly 

to .agnetic tapes .which are .ade available"to project participants. 

Instruments connected to the datalogger include extensometers, 

piezometers. strain gauges. pressure cells, convergence meters and 

stressaaeters. All convergence points, inclinometers. rock bolt load 
cells, lateral movement gauges and some extens011eters must be read 
mar.ually. Str!1n gauges, piezometers .and pressure cells have been r2ad 

manually at times. 

The frequency of data collection is determined on ·a per instrument 
basis and is dependent upon instrument location. method of instrument 
reading (lllilnual or datalogger). and the number of days elapsed since 

excavation at the instrument location. After installation the . 
instrument 1s read frequently, but with time this reading frequency is 

decreased since the rate at which the salt · lllilSS responds following 

excavation also decreases with time. 

The frequency of readings· has been influenced by access limitations 

caused by construction operations and by the · volume of data to be 
collected. At a few convergence point stations in newly excavated 
areas, readings were taken frequently to . record the early rock 

response. Monitoring periods in these instances were typically every 4 

to 12 hours for 24 hours, then once daily. Most manually read 
. instruments were initially read weekly~ then once every 2 weeks, and 

then once every ·IIOnth. Instruments connected to the datalogger were 
initially read at 24-hour .intervals, then several times per week, and 

then once every 2 weeks. The current schedule for obtaining readings 

is shown in Table 5-6. Each instrument's range, sensitivity, 
· resolutioa and precision are also pre~ented in this table. These 

parameters are iiiiPortant when interpreting and evaluating the data, 
especially those readings which reflect changes that are close to the 
resolution, sensitivity, or precision limits of the instrument. 
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5.2.5 Field Observations 

The deten~ination of underground conditions includes a qualitative 

assessment based on frequent observations by WIPP site geotechnical 

personnel. Changes in rock conditions and in the behavior of the 

underground openings have been observed and documented on a regular 
basis in the &FDRs. In addition, quarterly inspections have been made 
by Bechtel home office design engineering personnel. These inspections 

augmented the site geologists • observations and helped highlight those 

changes which occurred so slowly that they were difficult to detect on 

a daily basis. 

Periodic inspections of the C ' SH shaft have been 111de since the 
shaft was completed. Conditions of the shaft walls, liner and key have 
been observed in addition to any water flow into the shaft. Similar. 

inspections of the waste and exhaust shafts have also been made but 
less frequently due to limited accessibility. 

Observations of the horizontal openings include such items as the 

condition of their roofs and walls; fracturing in pillar corners at 

drift and room intersections and in roofs and floors; and horizontal 
displacements and vertical separations measured in open boreholes. 
This infol"''lltion has provided important input for design and safety 
evaluations. 

5.3 ANALYSIS AND EVALUATION 

Data collected at the WIPP site have been analyzed and evaluated by 

qualified engineers and scientists. Engineering experience and 
judgement were used in the eva 1 uat ion of field observed conditions. 

_Laboratory tests were performed on core sa.ples to deten~ine the .. 
constitutive equations for the host rocks. Theoretical and applied 
aspects of .. asurements, statistics and physics were utilized to 
analyze and evaluate geomechanical instrument data. · 
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5.3.1 Observations 

The observations of geologic conditions documented during visual 
inspections are used to evaluate the performance of the underground 
openings. These evaluations are made in conjunction with the 
analytical techniques. The evaluations are qualitative, however, and 
are subjective assessments of the behavior of the salt surrounding the 
excavations. 

5.3.2 Laboratory Tests 

The results of the laboratory testing described in subsection 5.2.3 on 
samples of halite, argillaceous halite. anhydrite, polyha11te and clay 
from .the facility level were evaluated and statist.ically analyzed to 
determine elastic and creep constants. Constitutive equations for each 
of these materials were established and their material property 
constants were determined (ref. S-3). The material property constants 
based on the laboratory test results are presented in Chapter 6. 

5.3.3 In Situ Measurements 

Statistical and numerical methods were used to analyze in situ data and 
to evaluate th~ physical behavior of salt. Numerical models were used 
to compute creep parameters from the in situ data . 

In situ measurement data fraa selected geomechanical instruments in the 
drifts and test rooms were fitted with analytical equations using 
regression procedures. Since early data are lacking for 110st of the 
instruments, one approach was to calculate the closure rates and fit an 
equation to the closure rate versus elapsed time relationship. An 

estimate of the early closure not measured by the instruments was 
independently derived. 

-l 

5.4 PREDICTION OF FUTURE BEHAVIOR 

Validation of 
predicting the 
collecting in 

the 
future 

situ 

underground opening reference design requires 
behavior of the openings. This was achieved by 
data consisting of field observations and 
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geaaaechani ca 1 instrument measurements. Stati sti ca 1 methods were then 

used to extrapolate the data obtained from the geomechanical 

instruments. Selected in situ data were fitted to analytical curves 
and predictions were made based on the extrapolated results. Closed 

form solutions and engineering experience were also utilized to 
substantiate the adequacy of the facility. A model simulation method 
was used ·to verify the creep model of salt based on creep constants 
derived from data obtained from laboratory material tests. After the 
determination of creep parameters using a statistical technique. the 

numerical model for simulating the facility was also utilized to 

predict and evaluate future behavior. This includes the closures. 

strain distributions and stress distributions over the operating life 
of the facility. 

Design reviews were performed as required during design of the WIPP 

underground facility. Experience and judgment were an important 
adjunct in predicting the future behavior of the underground openings. 

More than 3 years of continuous data collection and analysis and 
·evaluation have provided an adequate data base for predicting future 

behavior. 

Subsections 5.4. 1 through 5.4.3 describe the methods used for 
predicting the future behavior of the underground openings. 

5.4.1 Extrapolation of In Situ Data 

Selected in .situ closure data were analyzed and fitted by analytical 

curves· for extrapolation of future responses. Regression analyses by 
the 6auss-Hewton or Marquardt compromise techniques were performed to 

· detenaine ~the regression parueters. These regression parameters were 
assumed to be valid for the future behavior of the opening. and the 

equations were used to predict the future closure rate. To esti111te 
the additional closure that could occur, the equation was integrated 
over the required time interval. 
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5.4.2 Closed Fona Solutions 

. Closed forll solutions provided in the SM£ Mining Engineering Handbook 
(ref. 2-25) were used to evaluate the selected room and pillar sizes 
and their stability. Closed form solutions for steel and concrete 
structural design were also used to substantiate the adequacy of the 
shaft liners and keys (refs. 5-4 thru S-7). 

5.4.3 Model Simulations 

Numerical analyses were performed to compute the predicted responses of 
the underground openings. The constitutive laws discussed in 
Appendix C were used in these analyses. However, yield or failure 
criteria developed for halite and non-halitic materials based on the 
results of laboratory tests were not incorporated in the numerica 1. 

modeling. Due to the idealization of the real system in a mathematical 
model, the uncertainty of in situ auxiliary conditions corresponding to · 
the mathematical model, and deviations in the material properties 
obtained from the laboratory tests, analyses usin~ laboratory test data 
did not provide suitable results for design validation. Therefore, an 
engineering approach using curve fitting methods was employed. Creep 
parameters computed by the followi~g procedure were used for the 
analyses. Additional information pertaining to material property 
deviations based on laboratory tests is presented in Chapter 6. 

Numerical IIOdels were generated for · the locations of specific 
instn~~ents to si•late the instn.uaent response and compute the creep 
para.eters. 

After generating the numerical models for these locations, their creep 
parueters were computed and the structural behavior was simulated by ·., 
perfon.ing an analysis using the statistical method presented in 
Appendix C and the following procedures: 

(1) At the initial stage, the surface of the openings were 
restrained to simulate the unexcavated condition • 
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(2) An internal stress was applied at each element to represent 

the initial lithostatic stress state, which is defined as: 

' • ' • ~ • -~y pgdy 
XX yy ZZ . .Jo 

where: p is the rock mass per unit volume; 
g is the gravftational constant; and 
y 1s the depth. 

(5-1) 

(3) The overburden and support pressures at the boundaries and 
the weight of the rock were applied to ccapute the static 

solution. 

(4) The restraints at the surface of the openings were then 
removed to simulate the excavation. 

(5) The structural responses were coaaputed using .a time step 

• 

integration sche... Nonaalized ti• steps were used 
throughout the analysis. At the first time step, the time • 
increment was calculated by an iterative scheme using a 
predeten.ined initial time increment. 

(6) In subsequent time steps,- the- · time · increment for · each time 
step was calculated based upon the previous time steps and 
the specified .aximua tolerances of stress and strain 
increments at the previous and current time steps. The 
structural responses were computed at each nonaa11zed time 
step. 
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6.1 INTRODUCTION 

CHAPTER 6 
GEOLOGIC CHARACTERIZATION 

Geologic characterization of the underground excavations for design 
validation of the WIPP began in June 1981. Initial characterization 
activities consisted of monitoring the drilling and geophysical logging 
of the SPDY exploratory shaft. As shaft outfitting and unc2rgrour.d 
excavation progressed. the geologic work evolved into mapping of the 
shafts and underground horizon~l openings. perfonaing ground-water 
inflow tests. monitoring geomechanical instrumentation installations 
and taking subsequent readings or measurements. logging underground 
core hole samples. and perfoming other tasks related to defining the 
geologic integrity of the WIPP site. Data from these activities were 
evaluated in conjunction with information from previous site studies to 
more accurately define site geologic conditions as they related to 
design validation of the WIPP underground facility • 

6.2 DATA COLLECTION ACTIVITIES 

6.2.1 Geologic Mapping 

An important aspect of validating the WIPP underground opening 
reference design included geologic mapping of the shafts and drifts. 
The objectives of this mapping were discussed in Chapter 5. 

6.2.1.1 C' SH Shaft 

6eolog1c characterization of the C ' SH shaft began in late June 1981 
with the drilling of the SPDV exploratory shaft (see Chapter 3. 
subsection 3.3.1. for an explanation of the two shaft names). The 
1n1ttal ~activity .conducted to develop this characterization c~nsisted 

of logging the drill cuttings at periodic intervals to pemit a 
detemination of rock types and to provide a description of the 
geologic fomations penetrated (Appendix D. Figure D-1). These 
fon.at1ons included. in descending order. the Dewey Lake red beds. the 
Rustler fomation and the Salado formation • 
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After COIIIP1et1on of the drilling operation. geophysical logging was 

performed in the shaft to determine the condition of the shaft wall and 
to more accurately define the stratigraphy penetrated. These logs were 
the caliper. gamma ray. density and epithermal neutron. The logs were 
analyzed to better determine the depths to various stratigraphic 
horizons and correlate the11 with those found in holes drilled during 
previous site investigation phases (Appendix B. Figure 8-1). 

Reconnaissance and detailed geologic mapping of the C a SH shaft was 
performed between March 31. · 1982. and May 2. 1982. fro11 a depth of 
about 846 feet (elev. 2564 feet) near the Rustler/Salado formation 
contact to a depth of 2.193 feet (elev. 1217 feet). Mapping above the 
846-foot depth could not be performed due to the presence of the 
permanent steel liner. while drilling fluid and muck prevented mapping 
below the 2.193-foot depth. The results of this mapping. combined w1th 
criteria established as a result of previous site investigations. were 
used to select the fina,. depth for the underground development level 
(Chapter 3. Section 3.2). The mapping results are shown in Appendix D. 
Figures D-2 through D-4. A detailed discussion of the mapping is 
contained in reference 3-1. 

Vertical control for the shaft mapping was established by tape measure 
from a known elevation provided -by the· SPDV underground excavation 
contractor at the shaft collar. The scope of work and methodology for 
the shaft geotechnical activities are contained in reference 6-1. 

Reconnaissance geologic mapping of the shaft fro. a depth of about 920 
feet (elev. 2490 feet) to 2.083 feet (elev. 1327 feet) was accomplished 
after construction of the shaft key. The mapped area was limited to a 
strip ' l to 5 feet w1de along the south side of the shaft. One interval 
fro. about 1.832 feet (elev. 1578 feet) to 1.892 feet (elev. 1518 feet) 
was not mapped due to the interference of shaft outfitting activities. 

Detailed circumferential geologic mapping was performed in the key area 
frca the base of the steel liner to a depth of about 920 feet • 
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Detailed mapping was also performed from a depth of about 2,083 feet to 

about 2,193 feet. Detailed mapping was carried out through this 

interval to obtain sufficient geologic infomation for use in making 

the final facility level selection. The facility level selection 

mapping was performed by several teams of geologists working over a 

3-day period from April 30 to May 2, 1982. The detailed mapping was 

generally perfomed independently of shaft outfitting a~tivities to 

permit better observation and interpretation of the shaft geologic 

characteristics. 

Representative samples of the geologic strata surrounding · the shaft 

were obtained during mapping for later, 110re detailed classification. 

Photographs were taken at various locations along the shaft wall for 
verification of the mapping results and record-keeping purposes. As 
mapping progressed, observations of the shaft wall were also made to 
determine· the condition of the salt as a result of its behavior 

following excavation • . 

Based on the data obtained from the above activities, characterizations 

were made of the geologic for~~~tions penetrated by the C & SH shaft. 

The characterizations consisted primarily of descriptions of the · 
stratigraphy, lithology and structure of the formations. Other 

detailed data were included, where relevant, to more accurately 

characterize the salt strata in areas of primary concern to the design 
of the WIPP underground facility. 

The C & SH shaft geologic activities served to further refine and 

confina the data obtained fro. previous site investigations. The 

geologic conditions observed in the C & SH shaft within the mapped 

interval corresponded to the conditions expected from previous 
-· investigations. Borehole ERDA-9, in particular, showed conditions 

similar to the C & SH shaft. Although some variation was observed, 
it was attributed to core loss· in ERDA-9 which prevented the early 

~etection of these conditions • 
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Only •inor .xtifications to the reference design of the C ' SH shaft 
key structure and the geomechanical instrumentation levels were made to 

accommodate the observe~ geology. 

6.2.1.2 Waste Shaft 

Drilling of the initial 6-foot diaMter SPDY ventilation shaft (later 
to be enlarged to the waste shaft) was conducted from December 1981 to 
February 1982. Samples of the drill cuttings were obtained at periodic 
intervals from the drilling fluid to penait monitoring of the 
stratigraphy being penetrated. After the drilling was completed, a set 
of geophysical logs was run to detenDine the shaft wall conditions and 
to further define the boundaries of the rock strata penetrated. 

Geologic ~~apping of the 6-foot dia.ter shaft began in July 1982 in 
conjunction with the initiation of shaft outfitting. Initially, five 
areas of weaker rock which had been washed out by the drilling 
operation were llilpped between July and September 1982 before steel 
liner plate was placed over these areas for safety purposes. Geologic 

• 

111pping of the SPDY ventilation shaft fi"''OI the bottoca of the steel • 
surface casing at 97 feet (elev. 3312 feet) to the bottom of MB-139 was 
conducted during September and October -1982. 

Both reconnaissance and detailed geologic .. ~~apping . were perfonaed in the 
6-foot diameter shaft. The mapping extended from a depth of 97 feet 
below the ground surface to a depth of ab.out 2,170 feet (elev. 1239 
feet). The results of this mapping are shown in Appendix E, Figures 
E-1 through E-6. In addition, a lithologic log, based on the geologic 
111pping, and a geophysical density log are shown in Appendix B. Figure 
B-1, for correlation with the C' SH shaft and boreholes WIPP-12, 
ERDA-9 and DOE-1. A detailed description of the SPDY ventilation shaft 
geotechnical activities is contained in reference 4-3. 

Mapping of the SPDY ventilation shaft was generally performed by a team 
of two geologists. Depth control was maintained by hanging a tape down 
the shaft wall at lDO- to 20D-foot intervals from the top of the • 
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surface casing. Orientation in the shaft was maintained by following a 

steel guide installed on the southwest wall to control movement of the 

work platform used in the shaft. Most of the shaft was ~~apped in a 

strip about 2 to 3 feet wide along the steel guide. Although only a 

portion of the shaft wall was 111pped, visual examination was made of 
the entire wall to determine if any geologic abnormalities existed. 
Below a depth· of about 1,180 feet (e1ev. 2229 feet), ~~apping was 

performed on a limited basis due to salt incrustation on the shaft 
wall. This crust was apparently the result of dust from the facility 

level that was exhausting through the shaft and depositing on the wet 

shaft wa 11. Representative SUIP 1 es of the rock strata were co 11 ected 

to permit a more detailed description. Photographs were taken at 

various locations along the shaft wall for verification of the mapping 

results and record-keeping purposes. In addition to providing a 
description of the rock strata, observations of the shaft wall were 

made to determine, where possible, the reaction of the rock to 

excavation. 

Detailed mapping· ~round the fu 11 circumference of the 6-foot d 1 ameter 

shaft was performed at the follow1ng five intervals: 

(1) Magenta dolomite member, 

(2) Culebra dolomite member, 

(3) Rustler formation fracture zone; 
(4) Rustler/Salado formation contact; and 

(5) MB-139. 

Because of salt incrustation on the shaft wall inaediately above the 
facility level, detailed circumferential mapping could not be perfQmed 

in this area. However, two opposing strips about 1 foot wide were cut 

through ·the crust to penait 111pping of the shaft wall for a distance of 

about 50 feet above the facility level. Depths in the facility level 

area were verified by a separate survey utilizing elevation points 

established in the t ~ SH shaft station • 
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The enlargement of the SPOY ventilation shaft into the waste shaft 

began in October 1983 and was campleted in August 1984~ Additional 
geologic mapping and visual inspections were conducted concurrently 
with this excavation. Mapping was conducted from December 9. 1983. to 
August 10. 1984. Visual inspections of the ·shaft surface were 
performed throughout the shaft enlargement operations. The lithology 
of the exposed shaft stratigraphy was described and campared with the 
description of the same stratigraphic interval mapped in the SPDV 
ventilation shaft. Any differences or additional detail were noted and 
the SPDV ventilation shaft geologic map was modified accordingly. 

In the lined section of the waste shaft. the depth to the base of each 
successive cancre_te seg•nt was provided by the shaft excavation 
contractor. Vertical control far mapping was then established from the 
base of the previous segment. During enlarge.-nt of the unlined 
section of the shaft. vertic.al control was established from occasional . 
survey control paints installed by the contractor and fram _the 
previously mapped SPDY ventilation shaft geology. In the shaft sump • 
vertical control was based an a contractor survey paint installed at a 

depth of 2.167 feet (elev. 1242 feet). 

Detailed, full circumference geologic mapping was performed in areas of 

specific geologic interest~ These areas were selected because of their 
poor exposure in the SPDV ventilation shaft. the possible occurrence of 
dissalutianing, or their ·hydrologic significance. These areas of 
detailed mapping were: 

(1) 

(2) 
(3) 

(4) 

( 5) 

(6) 

~ 

the Farty-niner member claystone; 
the Magenta dala.ite member; 
the Taa.risk member claystone; 
the Culebra dola.ite member; 
the upper portion of the unnamed lower member of the Rustler 
formation; and 
the Rustler/Salado formation contact and key area. 
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The detailed aaapp1ng in the waste shaft was generally conducted as 

outlined in reference 6-1. Mapping was conducted by teams of four to 

s1x people. Once vertical control was established _by the contractor 

from the base of the previous concrete segment, a 5 x 5-foot grid was 

painted on the shaft surface around its circumference to permit the 

accurate location of any lithologic contac-ts and geologic features. 

Reconnaissance geologic mapping was performed in the waste shaft sump. 

·A vertical strip, approximately 5 feet wide, was cleaned and mapped 

along the entire length of the sump. 

A detailed description of the geotechnical activities conducted in the 

waste shaft is contained in reference 6-2. The results of the mapping 
are shown in Appendix E, Figure E-1. 

The geologic mapping and visual inspections of the SPDV 

ventilation/waste shaft has provided additional documentation of the 

strata above and below the WIPP underground development level. Based 

on the data obtained from the shift mapping activities, a general 

characterization of the stratigraphy, lithology and structure of the 

geologic formations penetrated by the waste shaft was made. 

The waste shaft penetrates five formations. In descending order. they 

are the Gatuna formation of Quaternary age, the Santa Rosa sandstone of 

Triassic age, and the Dewey Lake redbeds, Rustler formation and Salado 

formation, . all of Penaian age. In addition, the waste shaft also 

penetrates thin surficial Quaternary dune sands and the Mescalero 

caliche. In the WIPP site area, the santa Rosa sandstone and the 

Gatuna fo,.tion are represen~ed by thin layers of sandstone (ref. 

6-3). They were not mapped in the waste shaft due to installation of 

the shaft collar facilities. 

The results of the geologic lllilpping of the waste shaft co.rrelate well · 

with · the SPDY ventilation shaft llilPP~ng results. The stratigraphic 

units penetrated by the waste shaft are the same as those encountered 

by the C ' SH shaft • 
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Post-uepositional dissolution features were not observed in any 
stratigraphic horizons iri the waste shaft. Several zones previously 
identified as containing dissolution residues in borehole ERDA-9 are 
now considered to contain pronounced primary sedimentary features. 

6.2.1.3 Exhaust Shaft 

The exhaust shaft was enlarged froaa a 6-foot diameter raise-bored 
shaft to its finished 14- to 15-foot diameter using conventional drill 
and blast methods from July 1984 to January 1985. Geologic mapping of 
the shaft wall was conducted cc'"currently with excavation and 
construction activities. 

Reconnaissance geologic mapping was perfonaed along the entire length 
of the shaft with the except1oR of selected areas where detailed 
mapping was performed. A vertical strip, approximately 5 feet wide, 
was cleaned and mapped. The procedures used for the reconnaissance 
mapping are contained in reference 6-1. 

• 

Detailed circumferential mapping of specific areas of geologic interest • 
was also performed. These areas included those previously described in 
the C ' SH and waste shafts and four additional areas within the 
Dewey Lake redbeds, three of which contain · gypsum filled fractures. 
The areas of detailed mapping in the exhaust shaft .were: 

(1) gypsum-filled fractures at a depth of 195.0 to 210.0 feet; 
(2) gypsum-filled fractures at a depth of 269.0 to 280.5 feet; 
(3) gypsum-filled fractures at a depth of 353.5 to 375.0 feet; 
(4) the Dewey Lake/Rustler formation contact (546.4 feet); 
(5) the Forty-niner member claystone (575.5 to 586.5 feet); 
(6)~ the Magenta dolomite member (602.5 to 627.0 feet); 
(7) the Tamarisk aember claystone (689.0 to 695.5 feet); 
(8) the Culebra dolomite member (713.5 to 736.0 feet); 
(9) the upper portion of the unnamed lower .amber (736.0 to 800.0 

feet); and 
(10) the Rustler/salado fo,.t1on contact and key (845.0 to 912.0 .~ 

feet). 
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The detailed geologie mapping was performed in a manner similar to that 

in the waste shaft, using a 5 x 5-foot grid. Vertical survey control 

was provided by the shaft excavation contractor. ·As the shaft liner 

was constructed, the depth to the base of each successive concrete 

segment was provided by the contractor. Vertical control for mapping 

was then established from the base of the previous segment. During 
excavation of the unlined section of the shaft, vertical control was 
established with survey chains suspended from contractor-installed 
survey control points. 

The results of the exhaust shaft mapping are shown in Appendix F, 

Figure F-1. A detailed description of the geotechn.ical activities in 
the exhaust shaft are included in the report titled Geotechnical 

Activities in the Exhaust Shaft (ref. 6-4). 

In general, the exhaust shaft mapping results correlate well with the 

results from the waste shaft. Slight lateral variations in the geology 

produce minor exceptions. The exhaust shaft geologic mapping 

activ~ties have .Produced additional confirmation of data obtained from 

previous site investigations. This mapping confi~ the suitability of 

the shaft reference design, with some minor modifications, based on the 
original design parameters. 

6.2.1.4 Drifts and Test Rooms 

Geologic mip~ing of · the drifts and test rooms was performed to 

characterize the facility level geology, demonstrate its continuity, 

and provide permanent documentation of the geology exposed in · the 
underground excavations. Those drifts and roOIIS that were not mapped 

were visually inspected by site geologists to verify that the 

stratigr~phy is laterally continuous and similar to that exposed in the 

mapped areas of the facility. No unusual geologic features were 

observed. 

Geologic ma~ping was conducted in accordance w1th the procedures 

established in reference 6-1. A horizontal level-line referenced to 
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the C ' SH shaft statibn floor elevation was established in the 
drifts and roOIIS using an engineer's tripod ·level. All stratigraphic . 
contacts and geologic features were referenced to this level-line 
datum. Horizontal distances were measured with an engineer's tape 
using the C ' SH shaft centerline as the zero reference point. 
Detailed mapping was perfonDed at 10-foot intervals along one wall of 
the drifts. Between these intervals. the continuity of the 
strlt1graph1c contacts and the nature of the individual units were 
observed and noted on the map. The .mapped drifts were the El40 drift, 

the EO drift. the NllOO drift and the Nl420 drift. Selected figures 
showing the megascopic results of this mapping are contained in 
Appendix 8. 

Geologic Mapping in the test rooms consisted of de.scribing a 6- to 
lD-foot wide strip surrounding the instrument array in the center of 
each room. Both wa 11 s and the roof in each room were mapped. The 
remainder of the ro011 was carefully inspected to confi m latera 1 

continuity of the stratigraphic units. The . strip maps from the test 
rooms are presented in Appendix 6. Figures 6-1 .through 6-4. 

6.2.2 Core Drilling 

6.2.2.1 Purpose 

Vertical core holes were drilled into the floor and roof of the 
underground · openings . to provide geologi_c infor~D~tion for design 
validation. The objectives of the vertical core holes are described in 
Supporting Document 3 of reference 2-5. The purpose of the program was 
discussed in Chapter 5 of this report. 

6.2.2.2 Summary of Drilling 

A total of 124 vertical core holes have been drilled and logged 1n the 
underground drifts and in the SPDV test rooms. excluding those drilled 
as part of SNL's in situ tests. This number includes 16 holes drilled 
to replace holes that had poor core recovery and four holes drilled to 
obtain information on non-cored sections in the original holes. The 
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holes were generally drilled in pairs, one hole drilled vertically into 

the roof and one hole drilled vertically into the floor. Core was 
obtained in each hole to a nominal depth of 50 feet. Table 6-1 
presents a summary of the core hole data • . A map showing the core hole 
locations is presented on Figure 6-1. Geologic cross sections at 
selected core hole locations in the drifts are contained in 
Appendix H. Geologic drill logs of all of the core holes are contained 
in Appendix I. 

Drilling was performed by the underground excavation contractor. The 
drill rig was set up by the driller and the attitude of the core hole 
was checked by site geotechnical personnel. Logging and handling of 
the core were performed by geotechnical personnel in conformance with 
the procedures outlined in Supporting Document 3 of reference 2-5. 

All core holes were drilled using rotary equipment and compressed air 
or saturated brine . as the circulating medium. The holes were drilled 
with a diamond impregnated bit which produced 2-inch or 2 3/S..:inch 
diameter core. A 5-foot long double-tube or split double-tube core 
barrel was used to retain the core. 

The core was logged underground as it was removed from the core barrel 
or after the drilling of the .hole was completed. Logging was generally 
performed by the same geologist to maintain consistency in the 
descriptions of the geologic materials. The following data are 
recorded on each log: 

(1) location of core hole and direction of drilling (up or down); 
(2) beginning and completion dates of drilling; 
(3) ~ length and number of core run; 
(4) aaount and percentage of core recovery; 
(5) stratigraphic and lithologic descriptions (color descriptions 

are based on the Geological Society of America (6SA) 
Rock-Color Chart); 

(6) graphic lithologic profile; and 
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Table 6-1 

$&liNT Of CORE H0U DATA 

Ajproai111G F~e111u u;;w 
Pap 1 of ~ • COllar 

Co" Hole E1ent10ft Stlt1on Coorcl1 naus I'Hetrat1on lnstrwent 
llo. D1rec:t1on (ft-MSll (ft) (ft) 1ft) Des1 2111t1 on 

le-13t-1 D0111 1264.1 179 116 111766 £6888 10.0 11oM 
le-139-2 Down 1251.2 S410 £1511 11277 £7tl44 15.7 None 
te-139-3 Down 1260.5 $101 £157 NH86 £7051 16.11 11oM 
le-llt-4 Down 1Z58.7 SJt 1117 NftU £6177 141.2 None 

DH-01 Up 1318.2 11424 £431.5 N11110.t £7335.5 5(1.11 11oM 
DH-02(1) DIM! 11424 £440 11111111.t [7336.06 511.2 II one 
DH-OZA( 1) Down 11~4 EW 111111(1.1 E7331.2!J 4!1.2 None 
DH-021 Down 1306.3 11424 £442 1111110.1 £7ll1.21 53.U NoM 
DH-03 Up 1318.1 111112 £444 11107H.2 £7335.4 48.8 II one 
DH-o3A Up 1317.4 N\112 £450.5 1110771.2 £7341.12 4t.l llone 

g~(l) Down 130t.6 111112. 5 £444 1107H.Z £7335.4 45.8 None 
Down 130t.6 11113 £446 11.2 None 

DH-048 00111 130t.7 111112 £450.5 N107!1.70 0341.15 51.4 None 
DH-05 Up 1329.t 11146J £t72 1111141.6 £7.S.U 51.0 None 
DH-06 Down 1317.1 111463 un 1111141.7 [7864.1 49.75 11oM 
DH-07 Up 1J26.7 11112 £t76.5 11107H.3 £7ts7U.I 4t.l II one 
DH-08 Down 1318.8 N\112 £176.5 11107ti.4 01170.1 lll.3 None 
DH-OBA(1) Down 1318.7 11112 Et7~ 5&1.7 None 
DH-Oa DIMI 1318.0 111112 £979.5 N107tt.47 £7166.66 51.4 llone 
DH-O!J Up 1324.5 111432 £133Z.5 11111ua.n £au7.n 51.1 II one 
DH•10 Down 1312.1 111432 E133Z.5 1111100.70 £8227.01 52.0 None 
DH-11 Up 1320.5 111112 E1m.5 N107H.8 £W7.3 50.1 None 
DH•12 DCMI 1311.1 111112 £1332.5 1107H.4 £8227.2 51.3 None 
DH-13 Up 1311.4 111424 £16!10 1111112 £85115 ll.8 None 
DH-13A Up 1311.5 11424.5 £1611 1111112 £1586 4t.O None 
DH-131 Up 1311.4 11425 £105 N11112.CI £~!10.1 21.0 No• 
DK-14 Down 1211.5 111425 £1615 1111112.6 £851(1.1 41.1 11oM 
DH-15 Up l308.1 11104 E16b8.5 11~793.26 EISMI.t6 51.0 II one 
DH-16 00111 1300.3 11104 £1688 N1071Z.81 £158!1.31 51.U None 
DH-17 Up 1316.5 111427 £178 1111114.2 £71171.11 52.0 None 
DH-18 Down 1305.1 111421 £111 111114.2 £7071.11 50.1 11oM • DH-19 Up 1314.7 11107 £206.5 N1CI7!14.2 £7101.7 51.6 II OM 
DH-20 Down 1306.2 111101 £206 1107M.2 £71U1.7 51~ 1 llone 
DH-21 Up 1331.0 111421 £786 N\1109.1 E761U.t 50.4 .... 
DH-22 Down 1318.8 111421.5 £785.5 N1110t.2 £7680.1 51.0 11oM 
DH-23 Up 1328.0 111112 £781 N107H.2 E7fl7t.t 51.0 .... 
DH-24 00111 131t.5 111112 £781 11107tl.2 £7671.8 41.4 None 
DH-24A DCMI 131t.5 11112 E78U 11107H.D* £7~71.5!1 5&1.4 II OM 
DH-25 Up 1318.8 111422 £1510 1111101.7 ~-· 51.8 None 
DH-26 Down 1307.2 111427 £1510 1111114.3 EMW.I SJ.O None 
DH-27 Up 1300.8 111107 11682 110793.7 E6Zl1S.4 5U.5 None 
DH-28 Down \Zit. I 11107 11682 1110713.8 E6Z11i.3 50.5 .... 
DH-D Up 1218.3 111091 IlHZ 1110785.4 £513l.4 50.4 None 
DH-ZtA · "' 1211.1 1110!11 11987 111 07llfl. 1 ESV27.3 35.(1 II one 
DH-30 Down 1281.2 110ft 11HZ 1110785.5 £51~.2 5U.1 11oM 
DH-31 Up 1218.5 11\0H 1112112 111U7..C·.t £~.3 50.5 110M 
DH-3\A Up 1218.5 11\0it 111280 Ill 0784.11 £56lO.S 41.2 None 
DH-311 "' 1291.5! 111091 111261 1107116.7 E5..SZ.2 4.1 II OM 
DH-32 DCMI 1211.6 111ott 111212 N\0784.1 £56l2.2 so.u 11oM 
DH-32A 00111 1211.5 1110H 111261 1107116.7 £!141~2.2 5.5 II OM 
DH-33 Up 1218.6 llOH 111582 1110786.0 £5331.1 SU.5 11oM 
DH-33A Up 1217.4 1\0H 111570 1107116.11 £Sl42.0 4.1 ·-DH-34 Down 121i.4 11\0H 111582 110786.5 £5331.7 51.5 11oM 
DH-l4A 00111 1211.2 1110tt 111570 111071Nt.lt £5341.1 3.6 II OM 
DH-35· - ~ Up 12M.4 11102 111812 110711.4 £5032.2 sz.o 11oM 
DH-36 00111 1214.6 11102 1111182 111071S1.4 ESI.IlZ.Z 51.5 IOM 
DH-37 "' · 1217.4 N1101 W%182 N10m.t E473Z.U 51.5 None 
DH-31 o.n 1217.0 111101 112182 N1071111.8 £4731.1 47.5 II OM 
DH-31 "' 1216.0 111101 112482 11070.2 £443&.1.7 50.7 11oM 
DH-40 00111 1216.1 N1101 1124112 11107111.2 £4431.0 51.0 II OM 
DK-41 "' 1215.1 111101 V27IZ 1110781.&1 £4132.6 4!1.!1 llone 
DH-42 DCMI 1285.1 111101 V2712 1110711.0 E41JZ.4 51.2 110M 
DK-42A 00111 1215.7 11101 V278t N\0781.2 £412~.5 40.~ None 

(1) SUI"Ye:1 Ciita not ava11 i61e. 
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Tab1t 6-1 (continued) 

SliNIT fl COl£ IIOL£ DATA 

• COII•r F'.:111~ 
P•ge 2 of 2 

xpprox1M~ beptn) 
Coroe Hole · E1ew•t1on SUt1on Coord1MUS PtnttrU1on lnstr~~~ent 

llo. Dtrect1on . (ft-MSL) (ftl (ft) (ft) Destsnn1on 

DH-207 Up 1259.8 $6517 £155 1185189.7 £7049.1 53.0 ;t-246 
DH-208 DCMI 1251.6 $698 £150 118!NS8.8 £7044.0 4!1.2 Ill one 
DH-211 Up 1270.5 S1l20 £163 118366.5 £7057.1 50.U llone 
DH-212 Down 1261.7 S1l2U £163 llilel6.5 £7US7.1 ~.1 None 
DH-215 Up 1272.0 $1!160 £153 N7727.2 £7046.9 52.0 ;£-247 
DH-216 Down 1262.6 S1.0 £153 N7727.2 £71146.9 54.2 ;£-it~ 

DH-219 Up 1266.3 S2422 £162 117264.9 £705o.6 51.0 None 
DH-219A Up 1266.1 S2411 E162 1172~.5 £7U!I6.2 11.3 Ill one 
CH-220 Dl*ll 1257.4 S2421 £162 X7H~.S E705S.t 51.8 Ill one 
DH-223 Up 1255.1 $3079 £154 M6607.2 £7048.5 52.6 ;£-it4§1 
DH-224 Down 1246.6 $3079 £154 116607.5 £7'*.5 52.5 llone 
DH-227 Up 1247 .o $3656 £147 11603Q.7 £7U41.2 51.7 Ill one 
DH-228 Down 1237.8 $3656 £147 116030.7 £7041.2 5(1.4 llone 
DH-301 Up 1276.9 11150 11170 lltiS30.5 £6724.5 50.7ll II one 
DH-302 Down 1264.9 11150 11170 lltl3(1.5 £6724.5 50.6 lllone 
DH-303 Up 1267.2 5400 11170 N9~.3 £67211.1 51.4 Ill one 

·DH-304 Down 1254.3 S400 11170 . IIJ28Z.5 £67211.1 50.5 llone 

DH-306 Down 1244.1 $4(10 £1MI 119'l87 .3 £7U49.9 ~.0 Ill one 
DH-306A Down 1244.0 S400 £125 119287.9 £7034.6 . lt.5 llone 
DH-307 Up 1262.6 S40U £300 ll!lllli. 7 tn!l4.2 52.0 6£-~03 

DH-309 Up 1259.8 $700 £220 JI8H7.1 tnz3.o 52.3 G£·2b 
DH-311 Up 1264.4 S1000 £300 lllfMIO.l £7194.9 ~.0 liE·it04 
DH-313 Up 1270.6 S1300 £300 MtS385.9 tn911.6 151.6 None 
DH-313A Up 1270.9 S1300 E2!19 1183110.6 E7Hsi.5 5(1.2 lllont 

DH-314 Down 1258.3 S1300 £lOU 118316.5 tn8t.5 511.7~ Mont 
DH-315 Up 1272.1 S1300 11170 1183117.3 £67l5.5 5(1.3 Ill one 
DH-316 Down 1259.9 S1300 11170 1183117.2 £6725.3 5(1.1 Mont 
DH-317 Up 1271.3 S1600 1133 ...,, .4 £61175.9 5(1.1 II one 
DH-317A Up 12n.2 $1600 • 1130 118077.5 £687!1.~ 5.&1 Ill one 
DH-3178 Up 1zn.2 . S1H7 1130 ....,.3 £6111$1.1.1 51.(1 None 
DH-318 Down 1258.5 S1600 1130 118077.3 £6876.1 5(1.0 None 

• DH-319 Up 1260.0 S700 £300 118M.1 · tns-1.6 51.1.6 II one 
DH-321 Up 1261.4 S400 EO IIJ792.U £6891.8 52.0 G£-26ti 
DH-323 Up 1261.2 S400 £55 119291.7 £6!152.~ 52.5 G£·it67 

DD-45 Up -1285.5 11254 £147 IIJM1.0 £7041.3 52.4 G£-23U 
DD-46 Down 1276.5! 11254 £147 N9Ml.O E7U41.3 51.5 II one 
DD-52 Up 1280.4 11146 W4 lltl32.5 £68911.5 51.6 liE·22o 
DD-53 Down 1266.6 N146 114 119¥32.5 .£611!10.5 49.2 None 
DD-56 Up 1296.8 11621 £0 111031l.!S £6892.3 52.1 G£-234 
DD-57 Down 1288.1 11621 £0 1110311.11 . £~92.4 52.1 II one 
D0-63 Up 1310.6 111110 £0 1110796.(1 £68!11.9 52.1 ·;£-243 
DD-64 DIMI 1301.5 111110 EU 11107!ICI.U E~!l1.t. 5it.ll G£•ZZ1 
DD-67 Down 1296.8 111265 W%31.5 111<1952.1 £6662.:1 51.7 li£-221.1 
DD-69 Up 1310.1 N1265 11231.5 Ill U!f51. 9 £ ... 2.5 51.4 &£-2111 
DD-77 DcMI 1294.6 N1270 113M.5 N1096Z.S £6529.6 53.4 &£-;:a 
DD-79 Up 1307.7 "111270 11364.5 111051e12.6 £6~.5 51.11 liE•Z14 
DD-88 Up 1305.9 111265 11417.5 110952.1 £6390.5 ~.7 6£-212 
DD-90 Down 1292.1 N1265 11497.5 lr1~.6 £6316.4 S:S.6 6E·l:10 
D0-91 DcMI 1292.1 N1275 W630.5 111DH1.5 £6263.9 51.8 &£-2119 
OD-93 Up 1304.9 111275 116lCI.5 1110!161.1 £~03.51 52.0 G£-6(117 
D0-201 Up 1262.2 S406 1119 N928U.i £6874.9 51.7 llont 
DD-202 11011111 1241.6 $406 11151 112110.6 £61174.51 51.4 None 
Do-203 Up 1298.2 N624 £140 NlOlUII.II £7041.7 SZ.CI &E·Z35 
D0-204 DcMI 1290.5 NMU £140 11103CIIs.S £7U41.5 51.6 None 
D0-205 Up 1316.5 111410 £0 N11W5 £6892 5(1.7 None 
DD-206 0... 130ls.O N1410 £0 1111U95 £611!12 50.6 None 
oo-m Up 1251.1 5401 £153 IIJ287 £7049 5(1.6 lllone 

OH-9 Up 1310 N1433 11231.~ 1111125.6 EWl.l 1!1.4 II one 
OH-11 Up 1301 111433 11364.5 1111125.6 £6529.6 151.7 None 
OH-13 Down 1291 111433 w-a1.s 11111~.6 £6«1«12.9 9.5 l&one 
OH-14 DOIM 12!16 N1433 W364.5 1111125 •• £65U.6 11.7 lllone 
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(7) other pertinent information related to core conditions and 

observations made during drilling • 

Included on the logs of many of the core holes is a tore . sample 

reference number for each distinguishable stratigraphic unit (except 

anhydrite). This number (in some cases severa 1 nWibers) is shown in 

brackets at the end of the unit description. The number identifies a 

specific core sample that has undergone a laboratory analysis to 

determine its percentage of insolubles (clay/polyhalite). A listing of 

the reference core samples and their laboratory test results for 

insoluble residues are presented in Table 6-2. The reference sample 

system was used to provide uniformity in the logging of the core and to 

facilitate the comparison of unit descriptions with samples having a 

known insoluble _content. The sample number or numbers which appear on 

the log are those which are visually most similar to the overall unit. 

The crystal size in the reference samples may not be the same as in the 

units with which they are correlated. 

Each box of core ~as photographed and then stored in the WIPP core 

library. After data from several of the core holes was collected. 

correlations between the holes were developed. 

·6.2.2.3 Sunnary of Results 

The underground core drilling program has demonstrated the latera 1 

continuity of stratigraphy . throughout the underground fati lity 

horizon. Three anhydrite units were identified in the upholes and two 

anhydrite units were identified in the downholes. These units are 

consistently underlain by clay seams. In addition. a clay seam 

designated clay I was found in most of the upholes and a clay seam 

designat~d clay D was found in many of the downholes. Anhydrite is 

c0111110nly associated with these two seams. The remaining units consist 

of halite with varying 1110unts of argillaceous material and 

polyhalite. Individual units vary slightly from hole to hole in 

thickness. crystal size. and the percentage of accessory constituents 

such as argillaceous 1111terial and polyhalite. The stratigraphy 
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Table 6-2 • IIISOLUIL£ R£SIDU£S OF R£F£R£1CC£ CORE SNIPW 
SMOlA I&ATICIIAL LAIORATORI£S 

lllaiir-Insolulilt EDIX:Insolulile !II 
Reference ~ttl Siiilt Gsioue $UII)ie Gsioue 
s..,le Holt lfiUrYI1 Meigftt Wei gilt Percent W.igftt Wei gilt Percent 
N.-Dtr ~ {feet) <sranl f!lr•sl llt1SIIt lsr•sl lsrusl lie ism 

1 D0-52 !1.0 - !1.7 451.09 0.03 U.Ol 

2 oo-sz 3!1.4 - 40.0 336.10 0.11 0.03 
3 D0-52 14.3 - 15.0 415.57 2.15 o.~ 1.61 0.72 44.72 
4 DD-53 14.1 - 14.5 251.72 0.4&1 (1.16 U.l6 11.14 38.811121 

5 Do-53 4.0 - 4.3 ~.53 1.a 0.62 (1.10 0.28 35.00(4:) 

6 D0-53 23.7- 24.1 155.36 1.21 0.11 o •• 0.9 61.46 
7(3) DH-41 11.0 - 18.35 0.22 
8 DD-52 2.0 - 2.75 436.67 2.16 0.4t 1.32 w.Jl 68.M 
·,(3) DH•12 28.15- 28.6 0.75 57.1 
10131 DH-11 46.5 - 46.!1 3 •. 85 3t.2 
11 (3) DH-12 50.05- 50.4 
12(3) DH-11 32.8 - 33.35 2.36 ~.u 

13 DD-53 36.1 - 36.7 364.13 1.8!1 0.52 1.47 1.17 7t.5t 
14 D0-52 42.6 - 43.5 543.62 17.!17 3.31 5.1:1 4.51S ISII.2fl 

15 Do-52 33.1 - 34.7 538.73 20.28 3.76 5.05 3.tts 71J. 81 
16 D0-52 48.7- 4!1.2 315.06 16.5t 5.27 5.31 4.33 ti1.54 
17u1 DH-10 43.3 - 43.6 0.52 49.2 

~: • (1) For dtscriptiOII of SIIIP1t JINPtration se. Results of Site Validation Ezeeri•nts, Waste 
Isolation Pflot Plant {WIPP) Project, Southeastern New MtKico, Section ~.4 (rtf. 2·5). 

(2) S.ll SIIIPlt wol- ~ hive procluctcl inaccurate I"'SUlt. 

(3) Rtftrtnct SIIIPlt used for risual ~rison 1s identical to tht SIIIPlt testecl in t.N · 

laborato~. but is f,.. d1fftrtnt ifiUrYal witll1n tt1t s.. unit. 
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encountered in the core holes was used to prepare the reference 
stratigraphic column discussed in subsection 6.3.1.3 • 

The presence of any gas or brine detected during drilling is recorded 
on the drill logs. Usually within 2 weeks of completing an air-drilled 
uphole. brine weeps or moisture halos appear at the collar of the 
hole. Brine has also collected in some downholes which were dry during 
drilling. . Observations of gas and brine occurrences are discussed in 
the following subsection. 

6.2.3 Fluid Measurements 

6.2.3.1 6eneral Description 

&round-water inflow measurements were taken in both the SPDV 
exploratory and ventilation shafts as part of the geologic field 
activities for the SPDV Program. In addition. measurements in the 
waste shaft and exhaust shaft were .taken as part of design validation. 
Gas and brine have been encountered in boreholes and at excavation 
faces in the facility level drifts and rooms. Studies are being 
performed by other WIPP project participants to further investigate and 
evaluate these occurrences. 

6.2.3.2 C • SH Shaft 

Measurements of fluid inflow were taken during the SPDV exploratory 
shaft drilling operation when the drill tools were out of the hole for 
a bit change. The measurements were taken by monitoring changes in the 
drilling fluid level over a period of several hours. These data were 
then used to estimate approximate ground-water flow rates into the 
shaft. 

6.2.3.3 ··waste Shaft 

&round-water inflow measurements were taken in the 6-foot diameter SPDV 
ventilation shaft during shaft outfitting. These measurements were 
taken in the shaft sump and at the base of the Rustler formation. The 
measurements in the shaft sump were used to detenaine total flow into 
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the shaft from all ground.;,ater sources penetrated. Periodic 

measurements to determine · water level rise with respect to a known 
point at the top of the sump were obtained during test intervals • 
ranging from about 1.5 to 90 hours. The data obtained frora these 
measurements were used to calculate approximate ground-water flow rates 
into the shaft ranging from 0.3 to 0.9 gallons per minute (gpm). The 
average flow rate was determined to be about 0.6 gpm. 

An attempt to measure ground.;,ater inflow from the rock strata above 
the Salado formation was only partially successful. A collection 
system to retain ground-water inflow was constructed at the base of the 
Rustler formation by placing plastic sheeting across the shaft and 
attaching it to the wall. The quantity of water collected in the 
sheeting and drained into a graduated container was calculated to 
accumulate at a rate of approximately 0.3 to 0.4 gpm from a 11 sources 
above the Salado formation. 

No direct inflow from the Magenta or Culebra dolomite members or at the 
Rustler/Salado formation contact was measured. The Magenta dolomite 

did not exhibit measurable flow. &round water from this member 
resulted in the wetting of the wall below the dolomite for a distance 
of about 20 feet. Below this distance the shaft wall was essentially 
dry. Therefore. it was concluded that the Magenta was making no 
contribution to the collection system at the base of the Rustler 
formation. Visual inspection of the Rustler/Salado formation contact. 
and shaft wall conditions inmediately above and below this contact. 
suggested that the zone was making little. if any. contribution to the 
water accumulating in the sump. Based on these results. it was 
concluded that the Culebra dolomite member was con~ributing · the 
majority of ground water reaching the SPOY ventilation shaft sump • 

. I 

The 6-foot diameter SPDY ventilation shaft was later enlarged to become 
the waste shaft for the WIPP facility. Of the three · formations 
observed dur1ng geologic mapping activities in the enlarged shaft. only 
the Magenta and Culebra dolomite members of the Rustler formation were 

6-20 

• 

• 



• 

• 

• 

obvious fluid-bearing zones. The Magenta exhibited only a few weeps 
and generally produced very little water. The entire Culebra section, 
however, was wet, but no obvious local concentrations of water inflow 
were observed. Wherever a ledge was present, a steady dripping of 
water occurred. The Rustler/Salado formation contact, often considered 
a fluid-producing zone. did not contain any observable fluid except for 

some dampness around rock bolts. 

After the waste shaft liner was constructed, ground water was observed 
seeping through cracks and construction joints in it. These 
observations are discussed in Chapter 8, subsection 8.3.1.1. 

6.2.3.4 Exhaust Shaft 

A water inflow measurement of approximately 0.4 gpm into the 7 7/8-inch 
diameter pilot hole for the exhaust shaft was taken on December 1. 
1983. On December 21. 1983, a water inflow of 0.47 gpm was measured 
after the pilot hole was enlarged to 11 inches in diameter. 

After the shaft was excavated to its finished dimensions. water inflow 
through cracks and construction joints in the liner was measured. 
Measurement was made from the 2-inch drainpipe that connects the three 
water collection rings in the shaft. The measured flow was 0.35 gpm in . . 
January 1985. A grouting program, conducted in June and July 1985 
within the lined section of the shaft, reduced this inflow to a 
non-measurable . quantity. 

6.2.3.5 Drifts and Test Rooms 

Slla 11 1110unts of gas under pressure have been encountered by SOllie 

underground boreholes and at the working face of underground horizontal 
excavatiens. Brine is observed to weep locally frca walls and into 
SOlie boreholes. The brine occurrences are visible during or 
iaaediately after excavation or drilling and remain 110ist or produce 
fluid ·for a period of frca several weeks to 110re than 3 years. The 
formation of .salt blisters on walls and salt straws and precipitate at 
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hole collar'S are 

being 110nitored 

E140/S2740. 

coaaon. Salt incrustations forming on the roof are 

at three locations: W30/S1600. E140/S2190 and 

The gas occurrences encounterd by boreholes are indicated on the 

geologic drill logs. Pressure transient testing and gas sampling were 

performed in several holes in the roof and floor of the facility as 
reported in reference 4-11. Only two occurrences of gas at the working 

face were documented prior to the end of December 1985. In both cases. 

degassing could be heard at the face for short periods of time. 

The locations of major weeps occurring on walls that were geologically 

mapped are indicated on the maps and . a discussion of their occurrence 

and structure is presented in reference 4-10. Saaapling of brine from 

weeps for chemical analysis is currently being conducted. A 

preliminary inventory of brine occurrences at accessible locations is 

presented in reference 4-15. 

The fldW of gas fro~~ 110nitored holes has been low and erratic. It 

appears to be associated with cla·y seams or a result of fracture 

permeability in anhydrite beds. The spatial distribution of brine 

occurrences is also undefined. Although very few weeps .have been 

observed · on the roof surface. boreholes in the roof sometimes weep 

brine. The amount and duration of flow from boreholes and wa 11 areas 

varies considerably. Based on observations· made during preliminary gas 

testing, the brine appears to be associated primarily with anhydrite 

beds and their underlying clay seams. However, brine can also ' weep 

directly fro~~ halitic units, as observed on the walls and roof of 

drifts and in the drull dura:bility test pit in Room J. 

Two progru plans have been developed to investigate gas and brine 

occurrences in the WIPP underground facility. The programs will 

invest1gate the origin, aigration, volume and cgmposition· of the 

occurrences. Wort on the Brine Testing . Program (BTP) is presently 
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be1ng conducted and w111 continue through 1987. The 6as Testing 

Program (&TP) is also currently in progress • 

As part of the BTP, 36 accessible boreholes containing brine have been 

monitored. These holes include the shallow holes for the Material 

Interface-Interactions Test (MilT) in Room J, inclinometer holes in 

Test Rooms 1 and 2 (51X-I6-00201 and 51X-I6-00202), an abandoned 

stressmeter hole (51X-N6-00252) in Test Room 2, hole Ll-XOO in Room Ll, 

nine stratigraphic core holes in Room 6 (DH-35 through DH-42A). and 

eight stratigraphic core holes in experimental Rooms Al, A2, A3 and B 

(AlXOl, A1X02, A2X01, A2X02, A3X01! A3X02, BXOl and BX02). The static 

level of any brine in the holes is measured and recorded on a regular 

basis. The brine is then evacuated from the hole and its volume 

measured. 

The BTP monitoring of brine occurrences in the MilT holes in Room J was 

suspended at" the end of ·April 1985 due to interference with 

experimental activities in the room. Monitoring of the remainder of 

the boreholes listed above continues. As new monitoring locations for 

the BTP are identified, they will be added to the program. 

An inventory of all boreholes drilled in the underground fecility has 

been assembled. Data contained in the-inventory. include hole location, 

diameter, depth, present status, drilling fluid used, and ar.y 

observotions on the occurrence of gas or brine. Over 1400 holes are 

presently listed, most of which contain geomechanical instruments or 

are otherwise inaccessible. The list will be used to locate accessible 

boreholes that lilY be suitable for use in the gas and brine testing 

programs • 

. ~ 

6.3 DESCRIPTION OF FACILITY GEOLOGY 

6.3.1 Stratigraphy. 

The stratigraphy within the WIPP underground facility horizon has been 

determined through vertical core hole drilling and geologic mapping of 
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the excavation walls. A description of the generalized stratigraphy 

and evidence for stratigraphic continuity is presented in the follow1ng 

subsections. Figures showing the stratigraphy within the WIPP • 

underground facility horizon are presented in Appendix B. 

6.3.1.1 Generalized Stratigraphy 

The WIPP underground facility horizon consists primarily of halite 

containing . varying amounts of polyhaHte and clay. This halite is 
interrupted by 5 anhydrite beds, 12 clay seams and 6 argillaceous 
layers. Figure 6-2 contains a generalized stratigraphic column showing 
the relationship of these materials. Detailed descriptions of the 
individual units (except clay seams) are presented in Table 6-3. 

Figure 6-3 shows the individual clay seams and their descriptions. 

Because of the difference in the behavior of nalite and anhydrite, the 

five anhydrite beds represent significant boundaries above and below 

the horizontal underground openings. Three of the beds, abouth 1 1/2 

to 12 inches thick, occur approximately 7, 14 and 35 feet above the 
roof of the storage level drifts and rooms. The remaining two beds 
occur beneath the floor of the drifts and rooms. The most significant 
of these two beds is MB-139 which occurs approximately 3 1/2 to 4 1/2 

feet below the floor of the storage level and varies from 2.5 to 4 feet 

in thickness. The remaining bed . occurs about 32 . feet below the storage 

level and is approximately 4 inctaes thick. Thin clay seams underlie 

all of the anhydrite beds. 

Fifteen lithologic units have been identified during geologic mapping 

within the facility level drifts, rooms and waste experimental area. 

The majority of these units are halite containing varying amounts of 

polyhalite and argillaceous material, usually less than 2 percent. The 
remaining units consist of 2 anhydrite beds, 2 arg111ace1ous halite 
units and 1 polyha11tic halite unit. Each of the 15 mapped units has 
been assigned a numerical designation as shown on Figure 6-2 and 
contained in Table 6-3. 
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ApctrutMU 
Distance Frw 
Clg ; !Ftl . 
55.2 to 57.3 

u.s to 55.2 

42.8 to 46.5 

38~0 to 42.1 

34.0 to 31.0 

30.1 to 34.0 

21.4 to 30.1 

Tlblt ~3 

DESCilPTlOII ~ ;[JI[ULIZED STIATlliAAPtll 

Stratt;raplltc Untt 

ArgflliCtoUS llll.tU 

llaltU 

Polylllltttc lllltu 

llaltU 

llaltU 

~drtu c-.n11 

Pt e 1 of 3 

• Descrtptton 

Clur to .oc~eraie brown, ~twa to coanely crystalline. 
<1 to 3S brown c111. lnttn:rysulline and dtsconttnuous 
brwats. In one core IIOlt, constsu of a 1 tn. tntct cl11 
JNa, Untt can nry up to 4 rt tllictness. tonuct wttll 
lower untt ts gr141tional. 

Clur to _.rate rwddtsll orange alld _.rate brown, 
cune1y crysulltne, sa. •Cit-. ~lS bl'llllft cl11, locally 
argtlliCIOUS (C111S M-1 aiMS M-Z). SCitttrwd aldlyelrttt 
strtnge" locally. · 

Clur to _..,..tt riCICitsll Ol'lnge, sc.e .acllratt DI'OWII, 
coanely crysulltne. < 1 to 3S polynalttt. llont to lS 
brown alld sa. 91'11 c111. ScaU.M a~rtu locally. 
~ w1U un1t below ts fttrly sllarp. 

Clur to -*~'~.tt brown, -.«~ita to coanely crystalltne, 
s.. ftne. < 1 to ~ brwn ell)'. Locally conutns 1111 
c111. lnttn:rysUllfne and scaturwd brtlts. Locally 
conuins partings alld seau. Contact w1tll lower untt ts 
91'1clltional llastd on 1ncreastel cl11 conttnt. Aftrtge range 
of unit ts 31.0 to 42.8 ft 10oft cl11 ; but does wary frw 
33.1 to 46 ft. 

Clur to IIDdel'ltt brown, sa. IIDHI'IU l"tGd1 Sll bi'OWII, 
cui"M11 crysu11tne, sa. f1ne and ~1wa. <1S bi'OWII 
clay, ti'ICt 11'11 cl11 loca11y. Scatttl"tG brwiu. Locally 
argtll-.:eous. <lS polylllltte. tonuct wttll un1t btlow 1s 
ll'lcllttonal llalecl on cl11 and polyllllttt content. 

ClHI' to IIDdei'IU rwdd1sll Ol'lllge, COI"tly crysUlltne. <1 
to 3S po1)'11.111U. tc.Dnly poly11111t1c. Scatttl"tG 
anllydrtte strtnge" wttll an.Cirttt 1111" up to 1/Z tn. 
tlltct locally. Scaturwd brown c111 locally. tonuct wttn 
•·131 below 1s slllrp. · 

Lilllt to -.«~ita 11'11· 111crocrysU11ine. Partly l•1nattel. 
Scatttrwd 1111 tte grvwtlls. Cl11s ... It founo at base of 
untt. 

25.0 to 29.4 · Arg111ac:eous 11111tt Clur to IIDdei'IU bi'OWII, sc.e 11gllt .acllratt rwddisll 
Ol'lnge. Mtd1ta to coanely crysu111ne. <l to 3S bi'OWtl 
Cll1, sa. 9r11. Locally up to 5S Cll1• Cl11 ts 
inun:rysulltne wttn scattertcl brwats and partings 
prwsent. < 1/ZS dfsptrslel poly11111U. tontKt w1tn lower 
unit ts 91'1dltfonal NSICI on c111 content. u.,.r conuct 
ts 1111111 w1tll cl11 lt. 

23.0 to 25.0 llal1U Clur, Ia. l1111t .ociei'IU bnMI, COI"tly crystalline. 
<1J2S brallll CliiJ. tonuct w1tll CliiJ ,j btlow Ylr1tS frw 
slllrp to grtclltional Cltlltlld1ng ff clq .I fs 1 dfst1nct st .. 
or •N11 111 argillaceous zone. 

21.0 to Zl.O Argillaceous llllfte Usually c011stsu of scaturwd bNats or tl'9f11actous zone 

15.7 to Zl.O 

15.1 to 11.7 
~ 

11.5 to 15.1 

conuiatng <1 to 3S 111"01111 c111. 111 C I SH slllft, tt is a 
l/2 ill. tllict bra~~~~ c111 se-. 

Ha11tt '"- Unit 151 Clur, coanely crysu1l1ne, scauem •twa. 11- to <IS 
dispersed poly11111tt alld brown CliiJ. Scatttrtd an.Cirttt. 
Lower cOIIUCt 1s slllrp wttll cliiJ I. 

llaltte '"- Unit 141 Clur to fi'IYisll ol'l,.,..llfnt., coane1y crysullfne, sa. 
•tta. <112S dtspei"Md polyMlttt. ScltttM 
dtSCOIIttiiUOUS 91'11 clay strtnge", Clay I fs along upper 
~. CoiiUct wttll lower un1t 1s dfffuse. 

HaUte I"- Unit 131 ClHr to IIDdei'IU NddtSII Ol'lnge and IIOCIII'IU bl'llllft, ~1ta 
to CCNnely c:rysulltne, s- ftne. <lS brown clay, 
local17 • to 3S. Tract of 91'11 clay7 · scnum 
dtsconttnuaus liNUS. <lS CI1S~~erstd polyllllttt and 
polyMlttt blebs. Contact wttll untt below ts gi'ICIIttonal 
Mild on C111 lad pol7Mltta Cllfttlnt • 
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Appro.li•tt 
Otsttnce F,. 
Clg C 1Ft) 

7.5 to 11.5 

fi.B to 7.5 

5.5 to '·' 

0.2 to 5.5 

o.o to o.z 

o.o to -2.2 

-2.2 to -7.0 

-7.0 to -i.O 

-t.Q to -11 4 

-11.4 to -13.7 

-13.7 to -14.0 

-14.0 to -14.5 

-14.1" ta -zz.o 

Tablt 6-J (C11ftt1-*l 

D£Stll PTIDN ~ li£IIEIAL.IZED STIA TICiiAI'IIT 

Stratttraplltc Untt 
Polyftlltttc ftllttl 
(Map Untt 12) 

.. .,drt tl ••• 
!Map Unit 11) 

Nal1t1 ,..., Unit 1(!1 

• Deser1ptton 

PI 2 of l 

C1Hr to 8DCieratt Nddtslt orange, COII"Mly cr:rsull 1M. 
<1 to a lltsliei"Md fiOltftllttl lncl fl01yftl1 ttl Ill ells. 
lc:atttred a~llrttl strtnvers. tonuc:t ts Sftl1'11 with untt 
1111 ... 

Ltfllt to -.dt• gray, ltgftt b,_.tsll frat ancl sc.tt•s 
ltfllt _..rata rwddtlft ora,.,.. Mtcrocr:rsulltne. 11111tl 
f"'&&I'UUS wttll1a. Partly l•tnauca. ClHr, coarsely 
C'7SU1ltM llalttl layer, up to 2 tn. wide, fiKincl wtthtn 
~S:O!l!NS !n 'I!I!U @ll,."-lltal 1 .. 1. Tlltll grl;!' cl~ M .. 
H It Nit of a1t. 

C1Hr to __,.tl rwddtsll orange/bro., ft• to COII"Mly 
cr:rstalltM. <11 llrown and/or trl1 clQ and dt s,ersed 
polyftlltta. GliCOfttt1111011s clQ stringers locally. ContAct 
wtttl 1 ... r 11111t ts diffuse used 011 cr:rstal stu ancl 
Yll7f .. -.sts of ClQ and JIOl)'ftalttl. 

ClHr to ltfllt .-rattly reddtlll orange, c01rsely 
cr:rsta11t•, - -.dh& Ioiii to<lS po1yftlltta. Trace 
of frt1 clay locally. Sc:attlred lllflrllr1tl strtftllrs. 
ContAct wttll n1t 1111• 11 11111'11· 

Lttftt to -.dt• ,,._,., lltcrocr:rsullt• aflll1dr1ta. 
Scattii"'CC ftlltte frowtllS. Tlltll tr&1 clQ .... C at bue of 
untt. 

C1HII to lf~t• trt1. - 80derata r'lddtsll . 
ora...-/browa. Coai"Mly cr:rsulltM, - ft• ancl .ut~a. 
<1 11,...,. IIIII tr&1 ClQ. Locally .._ to 2S ClQ. <lS 
it...-f'HCI polyftllttl. Upper c:onuct ts 11111'11 wttll clQ C. 
COIIUct wtUI l ... r mt ts trauttonal. 

11&1ttl (Map Untt I) C1Nr, .- 80deratt Nddtlll orange, c01rsely cr:rsulltM, 
.- ft• to -.dt• locally. < 1/ZS gray clQ ancl 
po1yM11ta. Contact wttll .... ,. 11111t gracllttonal and/or 

II&Htl ,..., Untt 5) 

Halftl (..., Untt l) 

Malttl (- U11tt 1) 

Maltta ,..., Uatt 0) 

diffuse. · 

C1Hr COII"Mly cr:rstallt•~ < 1/ZS tr&Y c1Q. Contact wttll 
l ... r 11111t 11 tllllllly 11111'11 wttll ClQ F. 

C1Mr to .-rata brown ancl 80deratl r'lddtsll brown, COII"Ml)' 
cr:rsunt ... <lS polyftlltta. <1 to 511 ~rgtllaceous 

. ..urtal; ,,....,nantl7 b..-, .- gf'l¥, locall)'. 
llltlrcr:rstalltM alliS 111SCOftt1IMIUI brtlkl IIIII lllrt111fS 
c- tn t~~~~~~r part of unit. Decreastnt a'1tllaceous 
coaunt ....,.,... Contact wttll 1 ... r untt ts tralllttonal. 

C1Hr to __,.tl f"'ddilll ora...-, c01rseli cr:rsullt•. 
<IS dt'"rled pelyhalttl ancl polyhalttt b1as. Loca11y 
iolyllal1ttc. Scattered trl1 clQ locally. toauct wttll 
1 ... r ull1t ts 11111'11• 

Moderate reddtlll brown to -.dfla gray, Mila to COII"Mly 
cr:rstant ... <1 to a 1'1fllaceous .. urtal. tonuc:t wttll, 
1 ... r untt 11 uua1ly lllarp. 

Lffllt rwcldtsll orange to ..-rau redd1111 ora..,., -.dt~a to 
c01rsely cr:rsta111M. <lS llts,ersaca polyftllttt. Contact 
wttll 1 ... r uatt ts wri. 

· C1Nr to .-rau l"''ddtsll orange/ll"*ft, IIIMIIratl brown alliS 
1r111s11 ~~rowa. *dt• to ca~rsely cr:rsunt ... < 1 to 511 
l'9i1laceous Mtlrtal. P~nantly 11..-, ._ grQ, 
tm.rcr:rsullt• a'1i11aceous Mtartal ancl lltscllftttiiUOUs 
breakS anc1 part111fs. u..,.r t. fHt of untt ts 
a,.tnace.s llaltta deci"Hstttt tn &'9111aceous •ttrtal 
COIItlllt ..... rd. 110M to<lS polyftllttl. Contact wttll 
1 ... r uatt 11 frecllttonal Mled 011 J101yftllttl COIItlllt. 
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Talllt 6-3 lconttiiiMI 

DESCIJPTIOII f6 &EIUALIZED STUTI&IWHT 

A""roxt•u 
Distance F,. 
Chy G 1Ft) 

·Z2.D to ·25.3 

Stratigraphic Unit 

Pol7hllfttc baltu 

·25.3 to ·28.1 Antlydr1tl (111-1391 

-28.1 to -31.2 Na11tl 

-31.2 to -36.0 Po17hlltt1c hl11u 

-36.0 to -37.8 Nalftl 

-37 .a to -42.1 Pol7hlltttc hl11u 

-42.7 to -47.3 Nalttl 

-47.3 to -53.3 Pol7hllfttc hlltu 

-53.5 to -65.7 Nalttl 

* Oescr1ptton 

Pa ;, of 3 

Clear to .aerau rftdtSII orange. CM1'Ml7 crystalltne, 
s.e etdha locally. <1 to lS polyhlltu. Scaturec~ 
anl!ydr1tl. Scattered gray clay locally. tontact wttll 
lower untt Ull-13!11 ts SM'II, IIUt c-nl7 1'""9ular and 
undulating. Tract of gray locall7 present along tilts 
con~. 

Moderau rftdtsh orange/III"'MM to ltght and .at .. gray, 
81Croc:rysta111111 anii)'Gr1U. "Swallowtail" patul'ft, 
conststtng of hiHU gr"DWUUs wtt111n allllydr1U, c-n tn 
up"r part of untt. Local17, hltrltne, cl17•fflltd, 
i-angit h·actunts found 111 i-r part of una. Thtn 
hal ttl l171r C-" close to lower contact. Clay stl8 E 
found at Dlse of untt. Upper contact ts ~'""9Uiar, 
Ulldlllattng lftd -tt•s conutns<l/16 111. 11r11 clay. 

ClHr to .aerate I'ICidtSII orange, and 11ght grey. tMI'Mi1 
crystalltne, - ft111 and .ctt•. <lS polyhlltU and 
tnurcrystalltne griJ CliJ. Contact-with 1-r untt ts 
grautto111l Dlsecl on increased pol7hll1tl coiiUIIt. 

ClHr to llllftrau rftdtSII orange, coai'Sely crystalltne. < 1 
to lS polyhllttl. Cofttact wttll lower u11tt h usually Shlr'll 
along cl17 o. 
Cl11r to .aerate reddish orange, s.e ltght gray. Hedi .. 
to CMI'M17 crystalltne. <lS pol7ha1tu alld gray c:lay. 
Co~ with 1-r untt ts-gracatiOIIIl Dlsecl on increased 
pol7hlltU content. 

ClHr to IIOCierau ...ctdhll ort~~ge/III"'OIft, coarsely 
crystalltnt. < 1 to lS polyhllttt. Tract of cl17 locally. 
Scattered anhydf1u local17. Colluct wtth 1-r unit 1s 
graellti 01111, Dlsecl on dtc:reasecl po l7hllt t1 conunt. 

Cltar to .aerau reddtsh orange, .at .. to coarsely 
crystalline.< IS dispersed pol7hlltte. <11 brawn and/or 
9"11 cl17. Conuct wtth la.r tntt ts gracaatto1111 and/or 
dfffuse. 

ClHr to llllftrau reddish orange. to.rsely crystalltne 
wttll - etdill8 -tt•s present- close to 1-r contact. 

<1 to lS polyhllttt. ScatUrecl allllydr1U espectally co.on 
close to an!_ltdr1U "c". Lower contact 1s Slllr'll with 
an~r1u "c • 

Ltgtlt to .ctt• gray, .tcroc:rystallt• anl!ydr1U. 
ScatUrecl halttt gi'Oifttls. Faintly l.tnattd locally. Cl17 
se• I fOUftCI at Dlse of untt. 

ClHr to .ct1118 gray and 8Dftratt bi"'MM. Hedt .. to 
coar"Hly crystalline, s.e ftnt locally. <IS pol7halttt, 
local17 p0l7hlltttc. <1 to lS clay, lloth DI"'MM and gray. 
lnttrcrystalltftl clay witll dtsconttnuous breakS and 
parttngs. Z0111s of 1'9f11KtoUS hllttt found witlltn untt. 
Se..s of clay .tatd wttll hl11tl crystals present locan,. 
Upper contact of tilts untt ts sblr'll wttll cl17 1. 

• Descriptions are Dlsecl 011 ul81nation of dr111 core and uposures of untts t11 Slllfts and othlr 
UIIOI'9rOUftCI opent ngs • 
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Map un1ts 1 through 6 occur w1th1n the storage level drifts and rooms. 

Unit 1 . 1s a di~tinct, relatively thin, orange-colored unit coamonly • 

referred to as the •orange 111rker bed•. This unit is continuous 

throughout . the facility level excavations. During ~xcavation, it was 

used . as a marker to help keep the underground openings within the 

proper stratigraphy. The descriptions for map units 7 through 15 

represent the lithology most frequently encountered in the drifts and 
rooms in the waste experimental area. Minor variations in these 

lithologies occur at various locations but they are not of sufficient 
difference to justify their inclusion in the generalized descriptions. 

6.3.1.2 Stratigraphic Continuity 

The results of geologic mapping and core hole drilling in the 

underground facility have confinaed the lateral extent and 

stratigraphic continuity · of the geologic units within the underground 

facility horizon. Strata exposed in the drifts have been traced 

continuously for 4,500 feet in an east-west direction and more ·than 

5,000 feet in a .north-south direction. North-south and east-west 

correlations between the vertical core holes have also demonstrated the 

continuity of the stratigraphic units above and below the fac11 ity 

level. Figures 8~ through B-9 in Appendix 8 show the correlations of 

stratigraphic horizons that have been 111de based on core hole data. 

These figures also demonstrate the slight southern dip of the units. 

Figure a-s shows a slight thinning of units to the south by about 5 

percent. Figures B-1 · and B-2 show a larger correlation of 

stratigraphic horizons between boreholes WIPP-12 to the north and DOE-1 

to the south. The five anhydrite beds shown on Figure 6-2 are 

laterally continuous across the WIPP site. 

Although the general character of each stratigraphic unit remains 

constant throughout the underground facility horizon, minor variations 

occur. Some thin clay seams are discontinuous and some halite units 

thin locally or pinch out. The disruptions of some of these units are 
localized phenomena thought to result froaa syndepositional processes. 

Both lateral and vertical variations 1n the argillaceous and poJyhalite 
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content of the halite units are coaaon. The size of halite crystals 

varies from fine to coarse both laterally and vertically within 
inidvidual units. Although the anhydrite is microcrystalline, the beds 
vary laterally in color, thickness and polyhalite or halite content. 
The upper surface of MB-139 is undulatory with amplitudes af up to 12 
inches. 

The halite around the underground openings exhibits slightly varied 
behavior in response to excavation at different locations. This may be 
due to minor variations in crystal size or clay content. The clear 
halite in the roof of the El40 drift south of the waste shaft exhibits 
more spatting than is apparent in similar halite in other areas of the 
underground openings. Spalling along the upper portion of map unit 4 
occurs in many_ of the facility level drifts and rooms. In the 
locations where this unit contains abundant argillaceous material, the 
spalling appears to be more pronounced. This behavior is discussed in 
Chapters 10 and 11. 

6.3.1.3 Reference Stratigraphy 

A meeting was held on November 15, 1979, to determine a reference 
stratigraphy for the WIPP site. This was titled the •November '79 

Reference Stratigraphy• and was based on data obtained from e~ploratory 
boreholes. The purpose of the reference stratigraphy was to provide 
input data fnr thermal/structural a~alyses of shafts, drifts and rooms 
at the WlPP that could be referenced by all structural analysts and 
updated as more data became available. 

The •November '79 Reference Stratigraphy• was revised in July 1981 and 
again in September 1983 as more d.ata were collected from construction 
activ1ti~s and underground core holes. The 1983 revision was titled 
•september '83 Reference Stratigraphy•. This revision was based on the 
evaluation of 39 core hole logs and the geologic mapping performed in 
the SPDV exploratory and ventilation shafts . 
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The evaluation detenained that the strata are fairly horizontal but dip 

slight 1 y to the south: Based on a stati sti ca 1 ana 1 ys is, the entire 

stratigraphic section was found to vary in elevation in a regular 

manner, but individual unit thicknesses and the relative separation 

between units were found to have no statistically significant variation 
between the northern and southern limits of the underground f ac i li ty 

horizon (ref. S-3). 

Figure 6-4 shows 

statistical analysis. 

the reference stratigraphy developed by this 

This stratigraphy consists of 1 polyhalite bed, 

2 argillaceous halite units, 7 anhydrite beds, 12 clay seams, and 
halite as the remaining constituent. This reference stratigraphy 

extends approximately 165 feet above and below the faciiity level. The 

location and thickness of the various units were adjusted by averaging 

values determined from the core holes. Geologic maps of the SPDV 

exploratory and ventilation shafts and the log of borehole ERDA-9 were 

used fo_r units outside the WIPP underground facility horizon. The 

uniformity of the rock in the core holes and shafts, the lack of a 
statistically significant variation in unit thicknesses and elevation, 

and the expected small influence of any differences on structural 
behavior resulted in a decision to use the same reference stratigraphy 

throughout the site. 

Subsequent to the development of the September 1983 reference 

stratigraphy·, ·additional core holes were drilled and logged, the 

ventilation shaft was enlarged to the waste shaft, the exhaust shaft 
was completed, and both of these shafts were geologically mapped. 
Based on additional data frca these activities, a generalized 

stratigraphic cola.~ of the underground facility horizon was developed 

(Figure ~-2 and Table 6-3). This stratigraphic col1111n does not vary 

significantly from the earlier 1983 reference stratigraphy. Therefore, 
the 1983 reference stratigraphy continued to be used for model 

calculations. 
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DISTANCE ABOVE DISTANCE BEl. OW 
AEFEREHC£ LEVEL. R£FER£HCE U:VEL. • CF'TJ CfT) 

113.416- 0.00-
MB-1341 

162.00- 9.50- CLAY F 

12.20-

25.50- WB-139 
28.30- CLAY E 

37.30- CLAY D 

53.51- ANHYDRITE •c• 
53.83- CLAY 8 

1041.53-
.MB-136 

92.!5- CUY W 
li.OO-

WB-1410 

100.410- CLAY A 

44.55- CLAY L 

• !5:~ == ae-131 
30.05 -- CLAY K zs.so-
ZZ.OO - 1--.......f CLAY J 

14.00- CUY I 

7.51 _- ~~ ANHYDRITE •o-6.90 ...._ CLAY H 

~.00- CU\' ~ 
m.ao-

EXPLANATION 

DHALrrE ~ POLYHAUTE 

~ ARGILLACEOUS HALITE . B CLAY SEAW 

.. 
~ AN1tam 

Figure 6-4 

REFERENCE STRATIGRAPHY 
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6.3.2 Lithology 

The Salado formation is predominantly halite. but other evaporite 
minerals and argillaceous materials are present that may locally 
compose up to· 50 percent of the salt. Anhydrite. an early-precipitated 
evaporite mineral. 1s found in beds (usually less than 5 feet thick) 
which are typically underlain by a clay seam (1116 to 3/4 inch thick). 
Polyhalite. a late-forming evaporite mineral. 1s connonly found as an 
accessory mineral in the Salado fonaation. Clay and silt may be found 
disseminated through the halite or in thin seams. partings. or breaks. 
Following is a description of the 111jor lithologies occurring within 
the underground facil~ty horizon. 

Clear Halite. These units consist of halite with only trace amounts of 
impurities. The halite is predominantly medium to coarsely crystalline 
and clear to very light gray or moderate reddish orange. Less 
coanonly. it occurs as finely crystalline. opaque. very light gray 
halite with a sucrose texture. Trace impurities of clay and~or 

polyha lite are generally dispersed in the halite. Scattered. very 1 ight 
gray to white anhydrite or magnesite stringers may be present. 

Polyha11tic Halite. These units .are composed mainly of medium to 
coarsely crystalline halite with accessory amounts of polyhalite. As 
the polyhalite content increases. the color of the rock changes from 
transparent light orange-pink to translurent moderately reddish 
orange/brown or dark reddish brown. The .polyhalite occurs primarily as 
interstitial blebs or patches and. less cOIIIDOnly. in stringers about . 
1/4 to 3/4 inch thick. 

Argillaceous Halite. · Six argillaceous halite. units. three above and 
three below clay 6. occur within the underground facility horizon. 
Generally. these units consist of medium to coarsely crystalline and 
some finely crystalline halite with from less than 1 to as much as 5 
percent silty clay. The clay is predominantly brown in color with some· 
gray. It 15 c011110nly intercrystalline or forms scattered breaks or 
partings. Discontinuous clay seams are present locally. The percent 
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of clay 1s a visual estimate; laboratory measurements of insolubles 

(ref. 6-5) were used as a reference. 

The contacts between these units and the surrounding materials vary 

from gradational to distinct. Clays F, K and L occur at the upper 
contact of three of these argillaceous units. The three units below 

clay 6 are exposed in the underground drifts and rooms. These are 
geologic map units 2 and 4 and the ~pper poition of map unit C (Figure 

6-2). They are exposed continuously throughout the openings except in 

the waste experimental area which is stratigraphically higher. Map 

unit 2 is very thin and abse~t in places. 

No sign 1f i cant moisture is associ a ted w1 th these arg111 aceous ha 11 te 

layers. Commonly, they are slightly moist immediately after excavation 

and locally develop brine blisters on the walls of the underground 
openings. 

Anhydrite. These beds range in thickness from a few inches to a few 

feet. Because they are readily identified, the anhydrite beds in the 

vicinity of the facility level have served as reference units. 

Three anhydrite beds, 0.15 to 1.05 feet thick, are present above and 

two beds, 0.3 and 2.5 to 4 feet thick, are present below the facility 
level (Figure 6-2). All of the beds are laterally continuous and each 

is underlain by a thin clay seam. Locally, very thin anhydrite seams 

are associated . with identified clay seams and scattered anhydrite 

stringers are common in several of the halite units. The anhydrite is 

mi c roc rysta 111 ne and conaon 1 y ranges from a ve r:y 11 ght gray to medium 

gray-green color, although it is sometimes a moderate reddish to 

pinkish color. Halite growths are coamon, especially within MB-139. 

Anhydrite •a• commonly contains a clear halite seam up to 1 1/2 inches 

thick. 

MB-139 is the thickest anhydrite unit within the underground facility 
horizon and is the most variable in . color and composition. It is 
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described here · in detail because of its importance in the deformational 

behavior of the underground openings, particularly the test roo~ 

(Chapter 11 ) • 

MB-139 ranges from 2.5 to 4 feet thick. For mapping purposes, it has 
been divided into two subunits (Appendix 6, Figures 6-10 through 
6-34). Subunit A corresponds to Zones 1, II and III described in 
r!ference 6-6. This subunit consists · predominantly of reddish 
polyhalitic anhydrite and anhydrite mixed with light to medium gray 
anhydrite. Pods, lenses and seams of light to very light gray 
anhydrite are coaaon~y scattered throughout the subunit. Irregular 
halite growths, ranging from less than· 1116 to more ~han 25 square 
inches, are common, especially in the upper half of subunit A. 
CDIIIDDnly, a 1- to 2-inch thick sem of moderately reddish-orange to 
gray polyhalitic anhydrite with scattered halite and polyhalitic halite 
growths occurs along the upper contact. This corresponds to Zone I 
described in reference 6-6. Swallowtail growth patterns and hopper 
crystals are occasionally present in the upper 12 inches of subunit A, 
conmonly within an upward undulation of the 11arker bed. Halite-filled 
fractures are found in places within the undulations. Scattered within 
the reddish polyhalitic anhydrite is an irregular and sometimes 
discontinuous layering of light gray anhydrite, which varies from less 
than 1/8 inch to 1/2 inch thick. Pods and lenses of gray anhydrite are 
often faintly aligned, although discontinuously, with the general trend 
of the layering. These pods and lenses are most prevalent in the lo~er 
half of subunit A. 

Subunit 8 corresponds to Zones IV and V in reference 6-6. Its contact 
with subunit A is diffuse and based 111inly on a change in color. 
Subunit J consists of light to aedium gray anhydrite. Some core 
samples exhibit layering which faintly follows the general trend of the 
layering in subunit A. Halite growths are present, but to a much 
lesser degree than in subunit A. Usually the lD'tller 4 to 8 inches of 
the subunit is faintly ·laminated and contains a few halite growths. A 
subhorizontal halite layer, usually less than 1/8 inch thick, is 
occassionally present close to the lower contact. 
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The upper contact of MB-139 is undulatory. The lower contact is 
underlain by clay E. This clay ranges from 1/4 inch to 1 1/2 inches 
thick. It is often slightly moist and sometimes wet. 

Clay Seams. Characteristics of the clay seams within the underground 
facility horizon are shown on Figure 6-3 and SWII'Dirized in Table 6-4. 
These include qualitative and/or quantitative characterizations and 
descriptions of the clay seams in terms of the following: 

(1) color; 
(2) thickness; 
(3) moisture; 
(4) grain size; 
( 5) consistency/plasticity; 
(6) planar trend; and 
(7) continuity/uniformity. 

This information has been gathered through a review of core hole logs, 
• geologic mapping and inspection of existing exposures. 

• 

The clay seams underlying anhydrite beds usually vary from less than 
l/8 inch to 3/4 1 nch in thickness but may range up to 1 l/2 inches 
thick, as is common for clay E. The other, less continuous seams are 
usually less than 3/4 1nch thick but may be as much as 2 inches thick, 
as 1s ·clay L in the C' SH shaft. Clay M-1 was as much as 3 1/2 
inches thick in one hole but it consisted of a -mixture of clay and 
halite crystals at this location. 

Generally. the seams consist of clay with sa. silt. The clay varies 
from gra~ to brown in color. Only field classifications of the clay in 
core and underground exposures have been perfonmed. These 
classifications indicate that the seams generally consist of soft to 
hard. medium plastic material. Locally. fine to coarse halite crystals 
are present in some of the seams. Clays F and M-1 connonly contain 
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hble 11-4 

CLAY SlAM CHARAtl£.1SliCS 

... PI e I of J 

(11 l:onshtency/ Planar tonttnufty/ 
!.!!!_ btl Ill Color lllfclultu Mohture Grat• ~he Plastlcltx Trend Unlfonlftx Occurrence 

I I . Crq < 1/1 to 1/4 1•. Dry to sltthtlr PUSII 111!00 litntral1y hard. Slightly lrre- CoRti IIUOU I. 'Present In 
awertte: locally IIOist. , ..... yuter; yenertlly core holes 
1111 to I 1/4 111. ow eng 1 fn core end C I SH and 

but loctlly up wute sheft 
to u•. upptr~~. 

D I Crq ~l/4 ln. Dry except hole Penes IZOU Haro to Mdfu. llttr horhontal Warfll fr• Present In unr 
D0-~7 wtltre cler II .... soft; Mdfu. to tn core. aene of ~reah core holts and 
h 110tst; hole hftlllr plastic. to se .. wtth tn C I SH shaft 
411rt 11ed wttll auocleted .. ,,,,. 

- flutd. tnhJIIIrtte. 

( I Grq 1/4 to I 1/Z tn. Locel1r 110ht l'enes r~UO Soft to herd; --- Continuous. Present t n unr 
to wet. st .... Mdl• pintle core holes and 

In C I SH and 
wute sheft 

0' uppfnt. 
I 

~ F I Gray, s.ett•s <1/1 to 1/Z 111. Slight. Passes IZOU Sl lght1y Wery Irregular; lhh hat the bposed alo"l 
~rown. stne. C.O.Only pintle. llllldvlettons IIIJPtr contect walls.of unf 

•fxe411 with lllllte of I·IR. to ., .. r 11ntt •• of the ftctl tr 
crystals. ...... Mplttudt. loctl 1 IIIIICOR• Inti driftS: 

tfiiiiOIIS; S.e• en411 roo~~s. 
tt•• ~lf11rcetes 
Into twe st••· 

a I Crq lrece up to l/1 Sltghtlr to Ptlltl IZW Soft to hard; · Falrlr rttuler; Conth1uous. foun4 tn 1101t 
ln. IIOdlrttely ...... •dtu. plasttc. undulatto11s core holes 

IIOht; llltlfl awerege <Z-tn. sheft .. ,1,. 
elo"' exposures Mplttudt. tnd undertround 
tn undertroun411 .... ~. exptrl-
excnattons. Mnttl area 

exctwatton. 

H I Grey• brown Average ~114 ln. Sltghtly to Penes IZOO Mtdlu. pluttc. ftfrlr lrregultr; l:ontt IIUOU I. found In 110st 
In several core but rl"lll froe IIOderete ly sieve. undulttlons of core holu 
lloltl. tract up to ... ,. 1·11\, to l·fn • shtft •pplnt 

liZ 111. Mplttuoe. and undtrtround 
wutt laptrl• 
Mntal erta 
excavation • 

• • • 



• • • 
Table •-4 Cconttnuedl 

CLAY SEAM CHARACTlaiSTICS 

Page Z of l 

. CH tonslstency/ Planar tontl nu ity I 
!!!!... !!lli!l Color liiiCkMU Moisture Grain She PlastlcltJ Trend llnlforaltl Occurrence 

I lrow~~-brownhh < 1/4 to 5/8 ln. Slightly Mht. Puses IZOU Hard In SOM aeguler; undula~ fairly COMOnly 
gray In cort; steve; SOM core holes; tlons generally continuous. found In core 
,ray -.titre scattered hall te Mdlu. plastic. <l-In. IIIPIItude. holes, C I SH 
expose• In vastt CfJitals locally. and exhaust 
IXptriMIItal shafts; also 
rGOIIS, exposed In 

vute expert-
Mntal ro011 
excavation. 

J ] aeddlsh-brown 1/Z ln. In --- Passes tZOO --- --- Generally found round In C I SH 
C I SH Shaft sieve; trace · as scettered shaft u 1/Z 
only. slit, trace tt bruaks or ln. se•; not 

SliM hllltt local heel found In other 
Cf)'ltah. erglllaceous shafts; In core 

zone. holn, found 
11 scattered .,. 

I 
breeks or 

w locel htd 
~ argllhctOUI 

zone: ebsent 
In .. ny core 
holes. 

It 1 lrovn, SOIIItiMI l/4 to I 1/~ ln. llfl' to •tst; Passu tliOO hard to Mdlu• Generelly lov Continuous. Present In .. ny 

I"Y to triJ- locelly wet. sine; cleystoH hard; Mdha engle contact In core holes end 
~rovn. In exhaust shift. plastic. core; felrly shefts. 

reguler. 

l ] Brown Up to Z ln. In --- Passes .zoo --- --- Not a continuous Exposed In C I 
C I SH shift; sieve; sOM se•; It ts SH sheft 11 
USUIIIY found h1Jit1 Cf)'Stlls. found generally se•; other-
only u top of u the top of wist only 
a:;,l IIICIOUI artllleceous noted 11 top of 
lift t. zone throughout aryllhceous 

core holes and un t. 
sliefts. 



Table 6-4 tconttnued) 

CLAY SfAH ChARACTERISIICS 

.., 
!!!!_ !!!!!!I Color Ttltclcness Moisture Cinln Stu 

ton,htency/ 
PlutlcU.r · 

M-1 4 I rot~~~ 

M-Z 4 lrolllft 

!!!!!!!. 
Cll K11 to •aatlng•: 

<1116 to 1/1 ln. o.., 

u, te l 1/2 ln. u.., 

Pauu t2UU 
sltft. 

Clay •tad with 
htllto cr.rstals. 

I - continuous thr0u1hout facility level; 
I - r.nerallr continuous, but ••rles In character and regularltr; 
l - lacontlnuous and not alwars well developed; 
4 - contlnultr unknown. 

Pltnlr 
tren~ 

Conti nutty I 
Unlfon~tt.r 

Unlcnown. 

Unllnown. 

Plge l of l 

Occurrence 

These two 
layers found In 
core llolu In 
waste taptri
Mntll area; 
not noted In 
shalt •pplnl. 

~ (II Clars 1, £, G, H and l art so.etl .. s noted as onlr • tract or not at all on core logs. This Is usuallr because core trlndlftl or wa,hlng during 
Jl drllllnt re.owed ewldlnct of c111. 

C) (ll So.e core lot' note city layers are .al,t. In holes drilled wtth ~rlne, this .,Y be due to drilling fluid. ~~ leyera sre di'J In holes drilled with 
air. These.., actually bo slightly .alst In the In situ state, .. t dried out 'r the drlllllll ,rocoss. 

(41 Clays 1, £, Ci, H and l elways underly continuous an~drltt layers. Clays I 1110 U are c~nlr associated with thin an~drltt layers. 

(51 Plasticity and conslstencr based on evaluation of In situ condition • 

• • ) • 



• 

• 

• 

more halite mixed with the clay/silt fraction. Clay F also appears to 

be more silty and less plastic than the other seams • 

Generally, the clay seams are slightly moist in their in situ state. 

However, some of the seams are wet and exhibit some brine weeping in 

places. This was observed for clays E, G, H and K in some core holes. 

The clay seams in some of the holes where brine was used as a drilling 

fluid were observed to be moist • . This was probably due in part to the 

drilling fluid. ln contrast, clay seams were observed to be dry in 

many of the core holes drilled using air circulation. It 1s expected 

that, in the in situ state, these seams contain a slight amount of 

moisture whicH was evaporated as a result of the drilling method. Some 

moisture can be seen along exposures of clay H and clay G in the waste 

experimental area. More moisture is evident along clay G and some salt 

blisters have accumulated locally along this seam. The clay seams 

exposed in the underground openings are generally slightly moist during 

and inmediately after excavation. Some seams have continued to expel 

moisture long after excavation. Often, however, they dry out at . the 

surface within a few days after their exposure • 

Clays G, H and I, exposed in the waste experimental .area, conmonly 

contain white specks which may be salt resulting from the air drying of 

the clay. The clay usually has a slightly salty taste. These white 

specks are soft, can be easily crushed between the fingers, ·and have a 

slightly bitter taste. 

The consistency of the clay encountered in the core holes and 

excavations 1s related to 1ts moisture content. When wet or moist, the 

clay is generally soft to medium stiff and· can be picked out with the 

fingers and 110lded into a ball in the hand. When the clay is only 

slightly·• moist or dry, it is stiff to hard and is difficult to work in 

the hand • 
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6.3.3 Structure 

Geologic mapping of the underground openings has not identified any 

fault.s, joints_. significant folds, or other structural disruptions that 
could affect the· suitability of the · WIPP facility for storing 

radioactive waste. Very small scale (approximately 1 foot), localized 
disruptions of the bedding have been encountered. These are attributed 

to penecontemporaneous processes. 

Detailed correlations between vertical core holes. combined with the 
results of geologic mapping in the drifts and test rooms, indicate that 
the strata within the Qnderground facility horizon are deformed 
slightly into a sinusoidal shape. Figure B-4 in Appendix B depicts 

this shape. but great·ly exaggerates the amplitude of the deformation. 
The amplitude of· the fold 1s approximately 10 to 15 feet and its 

wavelength is approximately 2.000 to 3,000 feet. The fold is 
superimposed on a gentle southward dip. 

The deformation of the strata is post-depositional in origin. ~hile 

undulations of depositional surfaces are coanon, all of the strata in 
the interval fraaa 50 feet above to 50 feet below the facility level 
exhibit parallel undulations. This consistency in folding over a 
relatively large interval containing numerous depositiona, sequences 

suggests that the beds were deformed after deposition. The folding is 

a minor feature which does not adversely affect the suitability of thP 

facility for waste storage. 

6.4 PROPERTIES OF HOST ROCKS 

As discussed in subsection 6.3.2, the underground facility horizon 1s 

composed of halite containing beds of argillaceous halite, anhydrite, 
. I 

polyhalite and thin clay seams. Laboratory tests were performed to 
determine the constitutive equations and 111ate.rial property constants 
for these host rocks (ref. 5-3). Subsections 6.4.1 and 6.4.2 present 

the properties of the host ·rocks based on laboratory and in situ data. 
In situ closure mea"''!nDents were also used to •back calculate• the 
creep parameters for .lite. 
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6.4.1 Laboratory Tests 

Laboratory tests were performed on core samples from surface boreholes 
at the WIPP site prior to the initiation of underground excavation 
(ref. S-3). Material property constants deteMmined from the laboratory 
tests are presented in Tables 6-5 through 6-7. Table 6-5 shows the 
elastic constants for halite. argillaceous halite. anhydrite and 
polyhalite. 

The failure criteria for both anhydrite and polyhalite were defined 
based on the results of the laboratory tests. One such criterion is 

Mohr-toulOIIIb, which defines failure in tei"'IS of friction and cohesion. 
Failure means that the material is unable to hold a deviatoric stress 
beyond a certai~ value. Once this value is reached, the material 
starts yielding. However, the Mohr-Coulomb criterion ignores the 
effect of intenDediate principal stress on failure. In terms of 
principal stresses at failure, 

where: e and 8 are Mohr-Coulomb parameters; and 
0 

(6-1) 

~1 and ~3 are principal stresses that are positive in tension. 

Because the process of yield must be independent of the choice of axes. 
the failure criterion awst be independent of the choice of axes and 
should be expressed in tei"'IS of stress invariants. The Drucker-Prager 
yield criterion is expressed as follows: 

/Ji • c - aJ (6-2) 
2 1 

where: "tJ2• 1s the second stress invariant and is equal to ; /l; and 

J
1 

1s the first stress invariant: 

J, - ., + .2 + .3 (6-3) 

- 2 2 2 •1/2 § • 1 cc~, - •2> + <~2- ~3> • <~3 - §,> l (6-4) 
/2 
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MATERIAL 

Anhydrite 
~ 

Po1yha11te 

Table 6-5 

ELASTIC CONSTANTS DETERMINED FROM LABORATORY TESTS 

MATERIAL 

Halite 
Argillaceous halite 
Anhydrite 
Polyha11te 

Note: 
E • elastic modulus 
• • Poisson's ratio 

E 
(ksf) 

647.450. 
647 .450.· 

1.568.500. 
1.155.000. 

Table 6-6 

• 

0.25 
0.25 
0.35 
0.36 

FAILURE CONSTANTS DETERMINED FROM LABORATORY TESTS 

ULTIMATE YIELD 

·eo 8 a c 8o 8 a 
(ksf) (0) (ksf) (ksf) (0) 

627. 37.0 0.279 752. 564. 29.0 0.226 
395. 51.0 0.395 414. 359. 46.5 0.361 

• 

• 

. c 
(ksf) 

689. 
.W3. 

• 



Table 6-7 

• CREEP CONSTANTS DETERMINED FROM LABORATORY TESTS 

PRIMARY CONSTANTS SECONDARY CONSTANTS 

A 8 c* 
(ksf-4j sec-1) 

n 0 
MATERIAL (sec-1) (kcal/mole) 

Ha11te 4.56 127 5.39xlo-a 4.96xlo-13 4.9 12.0 

Standard 
Error l.OSxlo-13 0.27 0.65 

Arg111aceous 
5.39xlo-a Ha11te 4.56 127 1.49x1o-12 4.9 12.0 

• 

. . 
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For anhydrite. however. the ulti111te strength decreases s0111ewhat with 
the change in strain rate. That is. a 10 percent decrease occurs as • 
the strain rate is decreased from 104 sec -l . to 10-6 sec -l. 
For polyhalite. the _ultimate strength is assumed to be independent of 
the strain rate. Table 6-6 shows the failure constants for anhydrite 
and polyhalite. 

Table 6-7 shows the creep constants for halite and argillaceous 
halite. Although the data for mast individual creep tests are 
internally consistent. steady-state creep rates ~btained from different 
specimens tested under the nominally same conditions may scatter by an 
order of magnitude. Nevertheless. statistical analysis has resulted in 
a •best fit• to the data. Table 6-7 also shows the deviation of the 
secondary creep constants for halite. It was concluded that when such 
large deviations or uncertainty exist. calculations using mean values 
are apt to be meaningless and the design process requires considerable 
judgement (ref. 6-7). 

Based on laboratory tests. the failure criterion of halite can be • 
described using a failure function •· such that when • becomes 
positive. halite no longer supports any deviatoric stress. The 
function • is assumed to be: 

-•• c - 0.023 - f(p) (6-5) 

-where: c is the effective creep strain (see Appendix C) and the 
function f(p) is expressed as: 

{

0.132 
f(p) • 

p(a - tap) 

for p ~ 125.26 ksf 

for p ~ 125.26 ksf 

where: p. the pressure 1n ksf. is expressed as 

(6-6) 

• 
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p.- - ~, + ~2 + ~3 
3 

(&-7) 

and is positive in compression; and 

a and b are equal to 2.122x10-3 ksf-l and 

8.487xl0-6 ksf-2, respectively (ref. S-3). 

Equation 6-5 indicates that 1f c ~ 0.023 + f(p) at any point in the 
halite, yielding will be initiated a.t that point. For p greater than 

120 ksf, the failure effective strain· is about 0.16. 

Laboratory test results have also shown that a clay seam will be active 

for a frictional coefficient of 0.4, and that clay seu separation is 

unlikely unless the seam is very near the opening • . 

The average unit weight of the salt within the reference stratigraphy 

interval was determined to be 143.6 pounds per cubic foot (pcf) (ref. 

5-3) • . 

6.4.2 In Situ Data 

In situ data was gathered from ·geomechanical instruments at various 

underground locations. The creep law shown by equation C.4-l in 

Appendix C was used to fit the in situ data and to determine the creep 

parameters. The MARC General Purpose Finite Element Program (ref. 6-8) 

was used for the numerical computation based on the theory ·discussed in 

Appendix C. Table 6-8 shows the primary and secondary creep parameters 

determined froa test room in situ data. Chapter 11 presents a more 

detailed d1scuss1on of the procedures used for computing these 

parueters. 

·' Secondary creep parameters were also computed using in situ data from 

the C i SH shaft. The - secondary creep parameters computed from 

horizontal deformations in the C i SH shaft and in the test rooms are 
reasonably close. The parameter based on test room wall-to-wall 
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Table 6-8 

CREEP PARAMETERS DETERMINED FROM IN SITU DATA 

PRIMARY PARAMETERS 

A 
MATERIAL 

Halite 

Roof-to-Floor 1.774 

Wall-to-wall 1.618 

s.S73xlo-a 

4.757xlo-8 

6-48 

SECONDARY PARAMETER 

c 
(ksf-4.9 sec-1) 

2.588xlo-21 

1.361 xl o-21 

• 
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closure is 1.36x1o-21 ksf-4. 9 sec-1 while · the parameter based on 
extensometer measurements 1n the C ' SH shaft is 
1.30xlo-21 ksf-4. 9 sec-l. 

6.5 SURFACE SUBSIDENCE MONITORING 

The design criteria state that subsidence due to underground excavation 
shall not exceed 1 inch within a 500-foot radius of the waste shaft. 
The layout of the underground excavation and the extraction ratio 
requirements were established to comply with this criteria. Subsidence 
monuments have been installed on the ground surface above the shaft 
pillar area (Chapter 2. Figure 2-2). Additional subsidence monuments 
are scheduled to be installed above the storage area in mid-1986. 
These monuments will be used to detenmine surface subsidence during the 
25-year facility operating life. 

Because the storage area has not yet been excavated, actual subsidence 
cannot be measured. . This subsidence will occur over the next 25 
years. The calculations used for the reference design indicate that 
subsidence is not likely t~ exceed the criteria limit. Therefore, the 
reference design subsidence criteria is considered validated on a 
computational basis rather than on actual measurement data. A review 
of this conclusion naay be required later when a hi~ory of actual 
subsidence is available • 

.. 
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7.1 INTRODUCTION 

CHAPTER 7 
C & SH SHAFT 

This chapter presents the results of the design validation program for 
the c & SH shaft. Included are discussions of the design criteria, 
design bases and design configurations pertaining to the C & SH 
shaft. This is followed by information and data from the design 
validation process including the data collected, its analysis and 
evaluation. and predictions regarding future behavior ·of the shaft 
liner and key and the rock strata surrounding the shaft. Conclusions 
and recommendations are presented based on a comparison of the results 
of the design validation process with the reference design. 

7.2 DESIGN 

This section presents the design criteria and design bases used to 
develop the reference design for the C & SH shaft. The configuration 
of the shaft is discussed in Chapter 3. subsection 3.3.1. 

7.2.1 Design Criteria 

The Design Criteria document (ref. 2-8) contains the general - concepts 
that were used as a guide for design of the WlPP underground openings. 
Table 2-1 sunaarizes those design criteria elements that ct:"'2 &.o be 
evaluated by the design validation process. The following discussion 
provides a sunmary of the elements that pertain to va 1 idation of the 

C & SH shaft reference design. 

The design criteria specify that all shafts shall be designed for 
structural stability over an operating life of 25 years. The design 
shall also consider the requirements for shaft decommissioning and 
sealing. Shaft design shall prevent wall deformations which would 
interfere with shaft functions or affect the safety of operations 
within the shafts. _Rock support shall be · used as required to limit 
rock deformations and to prevent loosening and fallout of wall rock • 
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The time-dependent diaJDetric closure of the shafts due to creep sha 11 

be considered in their design. The shafts shall be designed so that 

the minimum dimensions required for shaft functions are maintained 

throughout the operating life of the facility. Provisions for 

instruments to measure closure shall be included-in the design. 

Ground-water flow into the shafts shall be controlled so that no 

uncontrolled ground water reaches the ·facility level via the shafts. 

Ground-water pressures and inflows shall be measured throughout the 
construction period and operating life of the shaft. 

Shaft design shall consider the requirements of deconn1ssioning and 

backfilling upon ten~~ination of operations. The design shall 

accommodate the need to ultimately seal potential pathways between the 
storage facility and the biosphere. 

The shaft liner shill be designed to help ensure that the shaft 

dimensions remain ~ithin the limits required for shaft functions, 
prevent ground-water flow into the shaft, protect wall rock from 

deterioration, and preclude the risk of rockfall from the shaft walls. 

The shaft stations sha 11 be designed to provide structurally stable 

excavations and pillars. Deformations of excavations and pillars shall 

remain within the limits required for strUctural functions, ventilation . 

and safety. The excavation design shall maintain the miniiDUII 

dimensions required for the operating life of the opening by 

acconnodating closure. Closure rates used for design shall be 

confirmed or modified by instrument observations in the excavations. 

Rock bolts shall be used where necessary to provide support of the roof 
and walls. 

7.2.2 Design Bases 

• 

• 

The Design Basis. Exploratory Shaft (ref, 2-10) and the Design Basis, 

Exploratory Shaft Geontechanical Instrumentation (ref. 2-12) were the 

primary documents used as a basis for design of the C ' SH shaft. • 
These docwaents, described in Chapter 2, provided the detailed design 
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requirements for the C & SH shaft. Table 7-1 sunmarizes those design 

basis elements which are to be evaluated by the design validation 

process. The following discussion provides a sunmary of the major 

design bases for the C & SH shaft. Not all of these bases require 

evaluation as seen by comparing the discussion with Table 7-1. 

The design bases specify that the C & SH shaft shall be designed to 

r;roo;ide access for personnel and equipment to excavate and operate the 

underground facility and to provide a means by which the excavated salt 

can be transported to the surface. It shall also serve as the 

ventilation intake shaft. 

The shaft liner shall be made of structural steel and have an inside 

diameter of 10 feet. The remainder of the shaft shall be unlined and 

have an approximate diameter of 11 feet 8 inches. The steel liner 

shall extend from 1 foot above the ground surface to the top of the 

salt formation at a depth of approximately 850 feet. The primary 

materials used to line the shaft shall be cement grout, steel casing, 

corrugated metal pipe, structural steel and reinforced concrete. 

The liner shall protect against sloughing, fallout and deterioration of 

the rock formations and shall prevent water seepage into the shaft. It 

shall have a smooth inner surface to reduce air friction. The liner 

shall be designed for temporary installation loads and permanent 

loads. The permanent load shall consist of a hydrostatic lateral 

pressure starting 250 feet below the ground surface and extending to 

approximately 837 feet below the surface. Rock pressure sha 11 not be 

used as a factor in the design analysis. Installation loads to be 

considered shall be the compressive and tensile forces resulting from 

lateral pressure due to unequal heights of drilling fluid during the 

various . stages of installation. 

During shaft drilling, ground-water flow into the shaft shall be 

detenained. If the amount of ground water entering the shaft is 

detenained to be unacceptable by the DOE Contracting Officer, approved 
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Table 7-1 

VALIDATION ELEMENTS OF C ' SH SHAFT DESI6H BASES 

(1) Shaft Liner· 

a. Hydrostatic pressure is considered to start 250 feet below the 
. ground surface and extend to the top of the key. 

b. Water shall 'be prevented from flowing down the unlined shaft 
from behind the liner. 

(2) Shaft Key 

a. Key shall be designed to resist the lateral pressure from the 
salt. (Assumed to be 75 percent of the overburden pressure.) 

b. Key shall be designed to resist the hydrostatic pressure from 
above the salt. 

(3) Unlined Section 

Provide 11-foot 8-inch diameter to allow for future salt creep 
deformation. 

• 

• 
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. 
corrective action shall be taken to control the water inflow. The 

basis for determining if the amount of ground water flOwing into the 
shaft is unacceptable shall be if the inflow exceeds an amount which 
can be tolerated without appreciably altering the drilling fluid 
characteristics as approved by the DOE Contracting Officer. 

The shaft.key shall be constructed using reinforced concrete and will 
serve as the transitiQn element between the lined and the unlined 
sections of the shaft. It shall retain the rock formation and shall be 
provided with chemical water seals and a water collection ring with 
drains to prevent water from flowing from behind the liner down the 
unlined shaft. The key shall be designed to resist lateral pressure 
generated by salt creep, rock and soil overburden, and by hydrostatic 
pressure from above the salt. The design lateral pressure was selected 
as 75 percent of the overburden pressure based on the configuration of 
mine shafts in the vicinity of the WIPP. These shafts generally have a 
concrete liner that is thinner and that extends to a greater depth than 
the shaft key at the WIPP. Most of these shafts are at least 25 years 
old and show no significant deterioration or structural instability. 

No liner or wire mesh is planned for the section of the shaft in the 
Salado formation. However, if field conditions require, rock bolts and 
wire mesh may be installed in zones of fractured salt. 

Th! shaft station excavation shall be the minimum required to meet the 
~perationa 1 ·and safety requirements in the shaft p11 lar area of the 
waste storage level. Supports of underground workings sha 11 comply 
with Federal and New Mexico codes. The use of rock bolts and wire mesh 

· in specific areas shall be determined by excavation conditions and code 
requirements. The roof, walls and floor shall be checked periodically 
for loose salt in accordance with applicable codes. 

The bottom of the shaft shall extend below the facility level to 
acconmodate the salt handling equipment and a sump to collect water 
that might enter the shaft. Should the stratigraphy of the faci 1 ity 
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·level be unsuitable for waste storage, the shaft bottom may be lowered 

to reach a more suitable stratigraphy. • 

Geomechanical instruments shall be provided to measure radial 

convergence (closure) of the shaft, water pressure behind the liner, 
salt creep, forces on the concrete key, and the variation of load on 

rock bolts. The type of instruments installed shall be stra;n gauges, 

pressure cells, piezometers, stressmeters, extensometers, load cells 

and radial convergence points. 

The shaft liner, key, unlined section and furnishings shall be 

inspected at approximately 1 month intervals, or lesser intervals as 

required, to detect cracking, corrosion, deterioration and water 

intrusion. 

7.3 DESIGN VALIDATION PROCESS 

The design validation process for the c ' SH shaft consists of data 

collection, analysis and evaluation, and predictions of future 

behavior. The following discussions . of each of these activities have 

been divided into four sections: the lined section of the shaft; the 

shaft key; the unlined section; ami the shaft station. This division 

is based on the different in situ and design conditions in each of 

these areas. 

7.3.1 Data Collection 

Data collection in the C ' SH shaft has consisted of geolog;c 

mapping, visual inspections and geomechanical instrument measurements. 

The results of shaft mapping have been discussed in Chapter 6. Field 

· observations and the geomechanical instrumentation program are 

discussed in the following subsections. 

7 .3. 1. i Lined Section 

Field Observations. The C ' SH shaft has been inspected on a regular 

basis since its construction. During the facility level construction 
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phase, the mining contractors conducted weekly shaft inspections for 

safety and shaft maintenance. These weekly inspections are being 

continued by the facility operator. 

Site geologists inspect the shaft at approximately 6-month intervals. 

These inspections provide geotechnical evaluations of the condition of 

the shaft, and of instrument .conditions and their performance. Shaft 

inspections were performed on the following dates: August 29, October 

1, October 5, October 22, November ~9 and December 3, 1983; June 2, 

June 21, October 13 and November 12, 1984; and April 9 and December 9, 

1985. The results of these inspections are presented in the GFDRs. 

Geomechanical Instrumentation. Nine sets of radial convergence points 

were installed in the C & SH shaft between July 7 and 17, 1982. Two 

additional sets were installed on October 8, 1982. Five of these 11 

sets were installed in the lined section of the shaft (Figure 7-1). 

Plots of the convergence point data from the lined section are 

presented in Appendix J, Figures J-205 through J-209 . 

Ten piezometers were installed in the lined section of the C & SH 

shaft above the shaft key between July 10 and 17, 1982 (Figure 7-1). 

Two piezometers each are at elevations of 2830, 2790, 2719, 2&84 and 

2&08 feet. All of these piezometers are · in the Rustler formation. The 

piezometers at elevations of 2790 and 2&84 feet are in the 

wate.r-bearing dolomite members, the Magenta · and Culebra, respectively. 

Graphic plots of pi~zometer data are presented in Appendix J, Figures 

J-34 through J-44. The piezometers are dual-component instruments 

containing a vibrating-wire gauge ana a pneumatic gauge. The 

vi-brating-wire gauge is the principal instrument used to measure water 

pressure. The pneumatic gauge is used for initial calibration and 

periodic performance checks on the vibrating-wire units. The 

vibrating-wire piezometers were connected · to the datalogger on 

October 30, 1982. The pneumatic units can only be read manually at the 

instrument lo~ation; however, most of the pneumatic units are no longer 

functioning • 
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The shaft instrumentation has had a history of damage. Convergence 

points 

falling 

section 

sheared 

damage. 

and especially piezometers are susceptible to damage from 

objects and construction activities. Damage in the lined 

of the shaft has generally consisted of sheared data cables, 

or bent convergence points, broken junction boxes and water 

water intrusion has been a major problem with most of the shaft 

instruments and contra l systems. One water source has been the holes 

drilled into the steel liner for piezometer installation. The bushing 

in the liner through which the piezometer was installed did not have 

tapered threads, making it difficult to seal the hole in the liner • . 

Leakage through these holes has generally occurred at some time in 

their history. It was especially difficult to effect a seal when a 

piezometer ~as reinstalled after being repaired due to other damage. 

Water trickling down the liner from around these bushings has sometimes 

entered damaged fiberglass junction boxes and termina 1 boxes through 

cracks. Water has also seeped into the conduit connecting piezometers 

with the nearest junction box. This water has corroded terminal blocks 

and seeped down cables connecting lower terminal boxes. 

A second water source has been rainfall. During periods of heavy rain, 

water runs down the shaft along the surface of the liner. This water 

can enter terminal boxes broken by impact or construction activities •. 

Once in the boxes, it causes corrosion an~ cable damage. 

A great deal of effort has been exerted correcting these problems. 

Shields were placed over boxes, cables· were replaced and rerouted, and 

piezometers were repaired and sealed as well as possible. These 

measures improved performance somewhat, but problems still exist. The 

data acquired from the instruments is considered valid, but must be 

interpreted in light of the various interruptions in data monitoring. 

The specific details of instrument damage are updated in every GFDR, 

particularly in the tables of operating histories • 
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7.3.1.2 Shaft Key 

Field Observations. The shaft inspections conducted on October 1 and • 
November 19. 1983. June 2 and October 13. 1984. and April 3 and 
December 9. 1985. paid particular attention to the shaft key. The 
design of the key provides a means to deteMmine if any water from the 
water-bearing zones in the Rustler formation is flowing behind the 
Jcey. This situation, 1f 1t existed, could cause dissolution of the 
salt around the key resulting in eventual structural instability. 

During inspection of the shaft key. the condition of f.our telltale 
dr.ains that connect to a French drain behind the key is observed. Any 
moisture in the drains is noted. Similarly. other capped pipes (those 
for possible future injection of grout and those originally used for 
chemical seal injection) are checked for accumulated water. The 
interface between the salt and the bottom of the key receives 
particular attention. 

The latest geotechnical inspection of the shaft key was made on 
December 9. 1985. The four telltale drains at the key were inspected 
and cleaned. Only the hole on the northwest side of the shaft was 
weeping. resulting in salt accumulation on the teMminal box below. 
After chipping off this salt. a small amount of liquified chemical seal 
material began oozing out of the telltale. Inspection of the bottom of 
the ~ey showed no evidence of seepage below the concrete. 

6eomechanical Instrumentation. Twenty-four embedment strain gauges. 16 
spot-welded strain gauges. and 4 pressure cells were installed in the 
C ' SH shaft key fro~~ April 11 to 17. 1982. Two piezometers were 
installed in the shaft key on July 10. 1982. The locations of these 
instruments are shown on Figure 7-2~ A11 instruments were read 
manually until they were connected to the data1ogger system on 
October 30. 1982. Appendix J contains plots of the data from these 
instruments. Piezometer data are presented on Figures J-44 and J-45. 
Figures J-54 through J-57 present pressure cell data. The strain gauge 

•• 

data are presented on Figures J-58 through .J-97. • 
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The instruments for monitoring the shaft key, and especially their 

electrical boxes and cables. have had the same performance problems as • 
the piezometers and convergence points in the lined section above. The 

two key piezometers have been damaged and repaired repeatedly. 

The major problem in the key has been water damage inside the various 

electrical boxes. The worst damage was in termination cabinet LTC-1. 

Water seeping down inside cables connected to water-damaged boxes in 

the lined section of the shaft corroded the terminals in the LTC. 

LTC-1 links the piezometers, strain gauges and pressure cells to the 

surface datalogger. Several attempts were made to repair the LTC 

components. The components were permanently removed in October 1984 in 

order to avoid further damage. The shaft instrumentation system is 

schedul~d for an overhaul during a future construction contract. 

Meanwhile. all LTC-1-controlled instruments are read manually during 

shaft inspections. 

The terminal boxes for the pressure cells and strain gauges have also 

· been damaged. Initial damage was to the fiberglass ·boxes and data • 

cables as they were struck by falling objects and construction 

materials traveling on the shaft conveyance. Subsequent damage was by 

water seeping into the boxes. The boxes and cables have been repaired 

numerous times. 

Detailed accounts .of instrument damage · are presented in the GFDRs. 

particularly in the tables of operating histories. The GFDRs also 

discuss data collection, data plots and interpretative problems with 

the C ' SH shaft key instruments. 

· 7.3.1.3 Unlined Section 

Field Observations. Shaft inspections include observations of the 

unlined section of the C ' SH shaft. This section of the shaft 

consists of ~xposed salt fonaing a smooth wall. The inspections 

consist primarily of determining if any spalling or fracturing of the 
salt is occurring. 
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The unlined section was inspected to a depth of 2.057 feet (elev. 1353 

feet) on December 9. 1985. One near-vertical fracture was observed on 

the west side of the shaft between a depth of .1.021 feet and 1.043 feet 

(elev. 2389 feet and 2367 feet). It ranged from closed to less than 

1/4-inch wide at the wall surface and extended about 10 feet in 

length. It did not appear on the east side of the shaft. Previous 

shaft mapping showed the presence of halite-filled vertica 1 fractures 

1n anhydrite from a depth of approximately 1.023 feet to 1.038 feet 

(elev. 2387 feet to 2372 feet). The fracture observed appears to be 

one of those previously mapped. Salt blisters and precipitate were 

noted in various areas commonly associated with clay layers. The most 

notable area was a 4-foot zone around the entire shaft circumference 

from a depth of approximately 1.038 feet to 1,042 feet (elev. 2372 feet 

to 2368 feet). 

Geomechanical Instrumentation. Nine borehole extensometers were 

installed in the unlined section of the C & SH shaft between July 6 

and a. 1982. These extensometers are arranged in three-instrument 

arrays at elevations of 2337 feet, 1846 feet and 1353 feet (Figure · 

7-3). Readings were taken manually until the extensometers were 

connected to the datalogger system in October 1982. 

The extensometers are the multiple-point, sonic-probe type consisting 

of four anchors. The anchors for each extensometer were set at depths 

of 4, 9, 18. and 36 feet. The collar of the extensometers was recessed 

1· foot into the salt. Data plots for the extensometers are presented 

in Appendix J. Figures J-116 through J-124. 

The extensometers have not been damaged as much as the other 

instruments in the shaft. Their operating histories rarely show any 

interruption in the data. This lack of damage is a result of several 

factors. The diameter of the unlined shaft is 2 feet greater than that 

of the key or lined section. The instruments are recessed and 

therefore not susceptible to· damage from falling objects. The 

extensometers are connected to LTC-2 and LTC-3, which are not directly 
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linked to LTC-1 and the piezometers. Thus, water damage has not been a 

prob 1 em • 

Six sets of radial convergence points are located in the unlined 
section of the shaft. These points have a history of damage and 
replacement similar to that of the other convergence points. This 
history is discussed in the GFDRs. Plots of the convergence point data 
from the unlined section are presented in Appendix J, Figures J-210 
through J-214. Only five plots are presented since damage to the set 
of points at elevation 1595 feet prevented the obtaining of reliable 

readings. 

7 .3.1..4 Shaft Station 

Field Observations. Site geologists monitor the defonmational behavior 
of the. C & SH shaft station on a regular basis. Particular attention 
is given to four aspects of movement or failure: roof and wall 
spalling; fracturing at pillar corners; roof displacements and 
separations; and floor displacements, separations and fracturing. The 
observations are recorded at least every 3 months and have been 
published in each GFDR since the February 1984 issue. 

A description of the C & SH shaft station excavation and roof support 
methods were presented in Chapter 3. The failure of resin-anchored 
rock bolts installed 1nit1ally in the shaft station roof has been 
attributed to a combination of the following factors: 

(1) the resin firmly held the bolt shank in place and salt creep 
caused failure at the first weak point; 

(2) improper bolt installation resulted in damage to the threaded 
section of the bolt (improper torque and lack of beveled or 
spherical washers); and 

(3) contributing factors such as corrosion and hydrogen 
embritt1ement • 
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Rock bolts installed to replace the failed bolts, and subsequent bolt 

installations, used mechanical anchors. As the load on these bolts • · 

increases due to salt creep, the anchor yields by slipping in the 

hole. Although this slipping is not desirable for the roof support of 

underground openings in hard rock, it provides more control than rigid 

anchors that do not yield but instead produce sudden bolt failure as a 
result of the stress created by creeping salt. The slipping reduces 

the load on the bolt, thus reducing the potential for bolt failure, but 
allows continued roof support and prevents sudden roof falls. Each 

mechanical-anchor rock bolt supports a load that is less than its 
capacity, but the aggregate support provided by all of the rock bolts 

in a pattern is more than adequate for positive ground control. The 
experience at WIPP shows that the mechanical-anchor rock bolts perform 

well in creeping salt if periodically inspected Jnd maintained. 

The station roof and · walls have exhibited continual slabbing and 

spalling which has required periodic scaling. Wire mesh has been 

installed over the entire station roof to contain any ·small, loose salt 

fragments. 

Vertica 1 fractures have developed in the pillar comers at the S90 

crosscut. The condition of these fractures has been monitored and the 
results reported on a regular basis in the GFDRs. A discussion of 

fracturing at pillar corners is presented in Chapters 10 and 11. 

Displacements, separations and fractures have been detected in 

boreholes drilled into the station roof and minor separations have been 
detected in some holes drilled into the station floor. Separations .and 

fracturing at clay G and in the underlying halite were detected shortly 

after ·the initial station excavation. Horizontal displacements have 
been observed in various boreholes during the past 2 years. 

In May · and June 1986, 20 boreholes were drilled in four arrays in the 

shaft station to further investigate the extent of separations and 
fracturing in the roof and floor. ·This ··drilling was conducted as part 
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of a program to· characterize excavation effects in the salt surrounding 
the openings and particularly in MB-139. This program is discussed 
more fully in Chapters 10 and 11. 

The new boreholes were inspected for the existence of separations and 
fractures. Existing holes were inspected for horizontal 
displacements. The probe used for this inspection consisted of an 
aluminum rod with a 1/16-inch thick nail attached perpendicular to one 
end. When applying moderate pressure, the nail snags on the borehole 
wall if a separation, fracture, or clay seam is encountered. The 
separation is considered to be less than 1/16 inch wide if the nail 
catches on, but does not penetrate the hole wall. If the separation at 
the wall surface is at least the nail width (approximately 1/16 inch) 
there will be a slight penetration. If the separation is larger, the 
nail penetrates its entire 1/2-inch length into the wall. When the 
probe catches on the hole wall, the feature is probed on all sides of 
the hole. This ensures that it is a continuous feature and not a clay 
pocket or an imperfection caused by the drilling . 

Fracture zones, anhydrite beds, or clay seams were sometimes identified 
by picking out pieces of the material with the probe nail. An estimate 
of their vertical dimension was made by moving the probe rod up and 
down within the limits of the feature. Occassionally a slight 
penetration occurred at the clay seams due to a very small separation 
or penetration into the softer c-lay. 

In the array of holes drilled north of the shaft, no separations or 
fractures were detected in the roof. In the two arrays drilled south 
of the shaft, multiple separations and fractures, ranging from 
approximately 1116 inch to 4 inches wide, were found in most of the 
roof holes within the halite below clay 6. Many of the fractures occur 
within 3 feet of the roof. Some · separation and fracturing appears to 
be associated with clay 6 based on data from other holes in the station 
area and from the central roof holes in the two arrays, but no 
significant occurrence appears to have developed in the holes closest 
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.to the station walls. A separation,· less than 1/16 1nch wide was 

detected in only one roof hole beyond a depth of 4 feet. ~ 

Only a few separations or fractures, less than 1/8 inch wide, were 

detected in the centra 1 floor hole of the hole array drilled north of 

the shaft. Some separations and fractures, less than 1/16 inch to 1 

inch wide, were detected in the two floor hole arrays drilled south of 

the shaft. These occurrences were in MB-139 and the overlying halite. 

Essentially no separation was encountered at clay E at the base of 

MB-139. Holes drilled around the edge of the electrical substation 

concrete base slab foundation to investigate a potential source of its 
tilting encountered only small scattered separations. The total 

accumulated vertical separation is estimated to be less than 1/2 inch . 

Geomechanical Instrumentation. As in other areas of the underground 

facility, a suite of geomechanical instruments was installed in the 

C & SH shaft station (Figure 7-4). The original instrumentation 

design cons.isted of 6 rock bolt load cells, 3 borehole extensometers, 

and 2 sets of convergence points. These instruments were i nsta 11 ed 

between June 30 and November 16, 1982. Subsequently, 4 extensometers, 

4 lateral movement gauges, 3 convergence point sets, and 1 set of wall 

shortening points were installed between January 8 and February 3, 
1983. The purpose of this second suite of instruments was primarily to 

monitor any vertical or lateral movement of the imediate roof in the 

C ~ SH ~haft station. The immediate station roof consists of a 

•beam• of salt resulting fr011 separation along the thin clay seam 

beneath anhydrite •a•. South of the shaft this beam 1s about 3 to 4 

1/2 feet thick, while north of the shaft it is about 7 feet thick. 

Chapter 3, Section 3.2, presents a brief discussion of the underground 

facility horizon selection and the resulting location of. the station 
with respect to overlying and underlying clay seam$ and anhydrite 
layers. 

The data plots for the C & SH shaft station are presented in 
Appendix J. Figures J-146, J-147, J-163, and J-170 through J-173 show 
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. 
· the extensometer data. Convergence point data are presented on Figures • 

J-188 through J-194 and rock bolt load cell data are shown on Figures 
·J-192 through J-197. 

Four lateral movement gauges were installed in the roof of the 
station. These were intended to measure lateral displacement of the 
salt. above anhydrite •b•. However. the lateral movement measurements 
were distorted by the vertical movement of the roof and a meaningful 
trend or pattern in the relative direction of horizontal movement did 
not develop. Therefore. reading of the lateral movement gauges was 
discontinued and the data are not presented in this report. 

7.3.2 Analysis and Evaluation 

The data collected from the C & SH shaft have been reviewed and 
subjected to statistical analysis. closed fonD solution and model 
simulation techniques for evaluation against the reference design 
parameters. The following subsections present discussions of these 
analyses and evaluations for the four sections of the shaft. • 

7.3.2.1 Lined Section 

Observed Conditions. Observations of the steel liner during shaft 
inspections ha~e detected no signs of deterioration. There is no 
indication of any liner instability due to shaft defonnation. Water 
seepage has occurred only through the previously discussed piezometer 
bushings. 

Structural Analysis. As a result of increasing hydrostatic pressure 
with depth, the thickness of the C & SH shaft steel liner and the 

·size and · spacing Qf its stiffener rings vary accordingly. The 
stiffener rings are 3-inch thick steel rings welded to the outer face 
of the liner. The thickness of the liner and the width and spacing of 
the stiffener rings for various depths are: 
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Plate Stiffener Stiffener 
Depth Thickness Width Spacing 
{feet} {inches} (inches} !feet} 

0.00 to 182.45 5/8 7-1/2 10 

182.45 to 362.45 1 12 10 

362.45 to 542.45 1 11 5 
542.45 to 642.45 1-1/4 10-1/2 5 
642.45 to 742.45 1-3/8 9 4 
742.45 to 842 .45 1-1/2 1G-1/2 4 

A structural analysis was performed for the shaft liner based on these 
depths and dimensions. The liner and stiffeners were made of A-441 
steel fabricated into 2D-foot sections by full penetration bevel welds 

. . 

between the 1 iner sections and by fillet welds between the 1 iner and 
the stiffeners. Radiographic acceptance examinations were performed on 
a 11 welds in accordance with the American Welding Society (AWS) (ref. 
7-1) and the ASME Boiler and Pressure Vessel Code. Sections VIII and IX 
(ref. 7-2). 

A computer program ·was used to design the steel liner agai-nst elastic 
buckling between the stiffeners. elastic buckling of the combined liner 
and stiffener, and the yielding of the liner. This program was 
developed jointly by Fenix & Scisson and Southwest Research Institute 
and was based on Theory of Plates and Shells by S. P. Timoshenko and 
S. Woinowsky-Krieger (ref. 7-3). 

The computational results of the analysis of the liner, based on the 
depths and dimensions presented above. show that the external pressure 
capacities and corresponding closure limits (maximum diametric changes) 
at the midpoint of a stiffener and at the midpoint between stiffeners 
are: 
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Pressure Closure Limit Closure Limit 
Depth Capacity at Stiffener Between. Stiffeners 
(feet} (es1} (inches} (inches} 

0.00 to 182.45 139 0.007 0.054 

182.45 to 362.45 281 0.010 0.069 

362.45 to 542.45 434 0.019 0.108 

542.45 to 642.45 518 0.030 0.104 

642 .45 to 742.45 . 595 0.043 0.112 

742.45 to 842.45 684 0.043 0.118 

In situ hydrostatic pressures determined froaa piezometer readings at 

elevations of 2830, 2790, 2719, 2684 and 2608 feet (Figure 7-1) were 

compared with design pressures and the pressure capacity of the 1 iner 

as discussed below. 

Measured Water Pressure. Piezometers are used to monitor the 

hydrostatic pressure exerted on the steel liner by water from the two 

water-bearing zones in the Rustler fonuation. Selected water pressure 

measurements are presented in Table 7-2. Because of the piezometer 

history of damage and leakage, the data must be used with caution. 

However, as expected, the data show a genera 1 trend of increasing 

pressure (Figure 7-5). The exceptions, 37X-PE-D0211 and 37X-PE-00212, 

are discussed in the next subsection. 

As indicated in Table 7-1, the design basis hydrostatic pre~sure is 

assumed to begin at a depth of 250 feet below ground level. This 

corresponds to the potentiometric surface of the water-bearing members 

in the Rustler formation. The hydrostatic design pressure gradient of 

the liner in the Rustler formation· is shown on Figure 7-5. Piezometer 

. reading data from June 1986 indicate pressures significantly less than 

the design hydrostatic pressure. This can be explained by a 
combination of the following conditions: 

(1) drawdown of the potentiometric surface in the vicinity of the 

shafts; 
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Table 7-2 

• C & SH SHAFT LINER AND KEY 
SUMMARY OF MEASURED WATER PRESSURES (psi) 

PIEZOMETER NO. 37X-PE-00 

Date 201 202 203 204 205 20& 207 208 209 210 211 212 
of Elev. Elev. Elev. Elev. Elev. Elev. 

Reading 2830 2790 2719 2&84 2&08 2560 

Pressure 518 518 595 595 &84 
capacity of 
liner 

Jun. 20. '83 112 111 108 108 8& 8& 110 104 140 142 & 12 

Dec. 3, '83 9& 96 100 101 84 84 98 100 137 139 13 9 
Jun. 5, '84 90 93 79 90 9& 127 129 5 1 

Dec. 27. '84 93 95 119 119 102 100 105 11& - 152 3 0 
Feb. a. '85 98 100 131 130 109 105 107 117 - 157 10 7 

May 21,'85 90 93 84 81 61 44* 105 -** 14&*137* 5 & 

Jun. 29. '85 89 92 91 -** 97 -** 104 -** -** -** 4 7 

• Dec • 9, '85 90 91 108 104 100 -** 108 -** ·-** -** -1 -1 

Mar. 24. '86 101 102 - 134 107 -** 104 -** -** -** -2 -4 

Jun. 02, '86 89 91 104 - 100 -** 108 -** -** -** - -2 

NOTE: All piezometers have leaked or suffered damage at one time or 

another. 
* Piezometer leaking. 

** Piezometer removed for repair. 

• 
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(2) incomplete hydraulic continuity behind the liner: 

(3) water leakage through the piezometer bushings and telltales; 

and 

(·4) partial plugging of the piezometer filters. 

Lowering of the potentiometric surface is primarily the result of water 
flowing into the unlined SPOV ventilation shaft and later through 
cracks in both the waste and exhaust shaft liners. Hydrologic testing 
at the site by SNL has also contributed to lowering the potentiometric 
surface. 

The annular space between the steel liner and the rock was filled with 
grout during liner installation (Chapter 3). In addition to supporting 
the liner, the grout was intended to help prevent water in the 
water-bearing zones from contacting the salt in the key area. The 
variations in water pressure at the different piezometer elevations, 
and especially the lack of a linear increase with depth, suggests that 
this objective has been at least partially achieved. The absence of 
hydraulic continuity along the rock/liner interface could prevent the 
water at individual piezometer elevations f·rom achieving the 
anticipated pressures. 

Most of the piezometers have developed leaks at some time in their 
history. This leakage would result in a drop in water pressure at the 
affected piezometer. The piezometer would then measure a water 
pressure that is lower than anticipated. The influence of the leaks on 
piezometer readings 1s considered to be minor because, as individual 
piezometers are repaired or .bushings are sealed, the data plots do not 
show a significant change from the normal variation within the data. 

The fourth cause of variation in the pressure readings could be a 
result of partially-plugged filters. Each piezometer contains a 
stainless steel, porous stone filter. It has been noted during their 

7-25 



repair that some filters are partially covered with salt deposits and 

·corrosion. It is not clear how much of an effect this may have on the ~ 
piezometer readings • . It is possible that there 1s no effect 1f the 

corrosion and salt deposition occurred ~fter the filter was exposed to 

the atmosphere during piezometer removal. 

Closure. Closure data show the in situ diametric changes in the liner 

based on radial convergence point measurements at elevations of 3114, 

2956, 2826 and 2680 feet (Figure 7-1). These data are considered a 

lower bound because the in situ readings represent only relative 

closures since the first readings were taken 329 days after 

excavation. In addition to the effect of hydrostatic pressure, the 

closure data are also affected by variables such as temperature and 

lithostatic pressure. 

Radial conver~ence point measurements in the lined section of the shaft 

indicate that the maximum diametric closure is less than 0.10 inch. 

Since the shaft is . used for ventilation purposes and is open to the 

atmosphere, changes in ambient temperature from around o•F in the 

winter to over loo•F in the summer may affect the diametric closure by 

approximately 0.075 inch. Consequently, only closure data recorded at 

approximately the same temperature should be used for analysis. 

7.3.2.2. Shaft Key 

Observed Conditions. Shaft key inspections indicate that the key 1s 

stable. Certain observations, however, dictate that continuous 

monitoring of the key will be required. The telltale drains, connected 

to a French drain behind the key, drip intenaittently. Several other . 
. capped pipes typically produce small amounts of water when opened after 

being closed for several weeks. 

No water has been observed bypassing the lower chemical water seal. 

During the June 2, 1984, inspection, liquified chemical seat' material 
was observed in two chemical seal injection pipes. It 1s likely that 

chemical seal material is migrating behind the key since small amounts 
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were observed dripping from the northwest telltale drain and from 

piezometer 37X-PE-Q0211. These fluid observations do not present any 

immediate cause for concern. However, the key should be monitored on a 

regular basis and appropriate actions taken if required to mitigate any 

significant increase in fluid discharge. 

Inspection of the bottom of the key has revealed no evidence of seepage 

below the concrete. Some salt stalactites have been observed hangir.g 

from the concrete but these originate from brine dripping from the 

leaking piezometers or telltale drains above. 

Model Simulation. The long-term impact of C & SH shaft salt creep on 

the concrete key was · evaluated by a nonlinear computational analysis 

using the finite element method (ref. 7-4). The objective of the 

analysis was to determine the structural adequacy of the shaft key 

based on the appropriate ACI Codes (ref. 7-5). Site stratigraphy was 

considered in the analysis. The creep behavior of the salt was 

incorporated into the material properties used in the finite element 

model. The shrinkage of the concrete during initial curing was also 

simulated in the computation (ref. 7-6). 

From the shaft geologic mapping, it was determined that the 

stratigraphy in the shaft key area consists of horizontal layers of 

halite, argillaceous halite. anhydrite and siltstone, with clay seams 

between some of these layers (Figure 7-6). This stratigraphy was used 

as the basis in modeling. 

The properties for the host rock are based on laboratory test results 

(refs. 5-3 and 7-7) as described in Appendix c. Because the analysis 

was performed early in design validation, before the methods of 

computing primary creep and using in situ material properties were 

developed (ref. 5-l), the analysis included only the secondary creep of 

salt based on laboratory test data • 
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The relationship for concrete shrinkage (ref. 7-8) can be expressed as: 

{7-1} 

for t in days. or: 

(7-2} 

where: t is the shrinkage time in seconds; 
cshu is the ultimate shrinkage strain. taken to be 0.0008; 
Cthe is the correction factor for thickness (1.17 - 0.029T}; 
Ch is the correction factor for humidity (1.40- 0.010H}; 
C is the correction fa~tor for slump (0.89 + 0.0415); 
s 

C is the correction factor for cement content cem 
(0.75 + 0.0348); and 

Cfa is the correction factor for percent fines and air 
content. taken to be 1.0. 

The thickness T of. the key wall is 30 inches; the humidity H is very 
low in the region of the key and is a.ssumed to be SO percent; the 
slump S of 4 inches is taken as the average value for s.ooo psi 
concrete; and 8 is the number of sacks of cement per cubic yard of 
concrete. considered to be equal to seven. The values of the 

correction factors Cthe• ch. Cs and ccem• as calculated from 
the equations above, are 0.3. 0.90. 1.05 and 0.99. respectively. 

Figure 7-7 ·shows the finite element model for the creep analysis. 
Since the structure is synmetrical about the centerline of the shaft. 
the shaft key and the area around it were modeled using 196 
quadrilateral ring finite elements representing 18 distinct geologic 
layers. The MARC General Purpos~ Finite Element Analysis Program (ref. 
6-8) was used for the analysis. To reduce the computation time. the 
stress and strain were computed at the centroid of each element. Four 
clay seams. _at depths of 848.9. 857 .9. 866.2 and 900.9 ·feet. were 
considered as active slip planes •. represented by 25 friction and gap 
link elements with a coefficient of friction equal to 0.4. The outside 
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vertical boundary had zero horizontal displacement and the bottom 

boundary had zero vertical displacement. The boundary conditions at 

the top of the model were uniform calculated pressures based on the 

mass density of the geologic formation from the ground surface to the 

elevation of the boundaries. The lithostatic stress state was defined 

as described in Chapters. equation 5-l. 

Creep analysis was performed on the mathematical model by using the 

procedures described in Chapter 5. The analysis was carried out for a 

5-year interval without the key and a COIIIParison was made of the 

corresponding radial deformations to determine the time when creeping 

salt would come into contact with the shrinking c·oncrete key. The 

times computed for various layers behind the key were between 1.6 and 

3.9 years with an average value of 2. 7 years after excavation of the 

shaft (or 2 years after construction of the shaft key). To simulate 

contact of the shaft wall with the concrete key. the elements of the 

key were tied to the proper. locations on the shaft wall and the 

analysis was continued .for a total of 27 years (refs. 7-4 and 7-6). · 

Deformation. Readings from the strain gauges embedded in the concrete 

key show a range of strains from approximately 0.00014 in compression 

to 0.00021 in tension with an average compressive strain of 0.00004 

through December 9. 1985. The readings from the strain gauges welded 

to the reinforcing steel show a range of approximately . 0.00031 in 

comp_ression to 0.00054 in tension with an. average tensile strain of 

0.00006. 

Table 7-3 sunnarizes the changes in readings of the embedment and 

welded gauges at a depth of 856 feet (elev. 2554 feet) since April 22. 

1982. iamediately after concrete was placed for the shaft key. The 

trend of the change in strain readings indicates that the salt had not 

made contact with the key by June 1985. 

Water Pressure. Figure 7-5 shows water pressure readings from 

piezometers 37X-PE-D0211 and 37X-PE-Q0212. These piezometers have 
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Table 7-3 • C ' SH SHAFT KEY 
SUMMARY OF STRAIN GAUGE READINGS AT ELEVATION 2554 FEET 

Change in strain x 10-i 
since Aer11 22 1 1982 

Strain Gauge Jun. s. Feb. a. Jun. 29. Dec. 9. 
No. 1984 1985 . 1985 1985 Remarks 

37X-ZE-209 -63 -59 -81 -9.5 Embedment 
211 -23 -16 -34 -51 strain gauges 
213 -133 -104 -139 -144 14.5 inches 
215 -82 -67 -99 -111 from inner 

surface 

235 -12 16 -23 -47 Embedment 
236 56 88 37 16 strain gauges 
237 -18 35 -23 · -a 9 inches from 
238 -63 -23 -81 -99 inner surface 

210 -110 -71 -123 -154 Embedment · 
212 178 272 201 215 strain gauges • 214 58 128 65 79 3.5 inches 
216 -53* -7 -61 -76 from inner 

surface 

201 -93 -100 -102 -138 Strain gauges 
203 444* welded to the 
205 -235 -286 -352 -371 outer rein-
207 -102 -127 -142 -95 forcing bar 

202 -43 -61 -sa Strain gauges 
204 443 2066 1056 541 welded to the 
206 -193 -147 -230 -246 inner rein-
208 -1659** forcing bar 

NOTE: Negative strain change indicates compression. 

* Reading taken on May 3. 1984. 
** Reading taken on Dec 30. 1982. 

•• 
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shown a range of readings from a maximum of 30 psi in 1982 to a current 

reading of 2 psi. As shown on the figure and in Table 7-2, the readings 

of these two piezometers are consistently lower than the readings from 

the upper piezometers. These lower piezometers are at a depth of 850 

feet (elev. of 2560 feet), just above the chemical water seal at a depth 

of 851 feet (elev. 2559 feet). It appears that this seal may be 

breached and that water is able to bypass it and exit through the French 

dra1n and telltales. Piezometers 37X-PE-Q0211 and 37X-PE-o0212 may also 

be isolated from the upper piezometers by the grout that was injected 

behind the steel liner at a depth of 843 feet (elev. 2567 feet). 

The assumption that the chemical water seal just below the piezometers 

may be breached is based on observations of piezometer behavior during 

the October 1983 inspection. As discussed in subsection 7.3.1.2, 

several capped pipes in the key were found to contain small amounts of 

water during this inspection and were drained. Prior to this, 

piezometers 37X-PE-o0211 and 37X-PE-00212 indicated. pressures of around 

6 to 8 psi. After draining the pipes, both. piezometers showed a drop to 

2 psi within 2 days. This indicates a hydraulic connection. across the 

water seal. 

It is unlikely that water in the key originates from higher in the 

shaft. Detailed mapping in the shaft key noted weeps from claystone and 

siltstone beds at depths of 842. 846 and 858 feet. This is probably the 

source of the water seen in the French drain telltales and other pipes 

in the key. The fact that the key piezometers have had consistently 

lower readings than the upper piezometers indicates that there _ is 

probably no· hydraulic connection with the water-bearing members higher 

in the shaft. The draining of water from the grout pipes influenced 

only those piezometers in the key; none of the upper piezometers showed 

any pressure drop. The existence of a source of water in the key area 

provides a better explanation of the dripping from the telltales and the 

performance of the key piezometers than does the migration of water 
from the water-bearing members higher in the shaft • 
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Salt Pressure. The four earth pressure cells installed between the 

concrete . of the shaft key and the salt have a combined average reading 
of less than 10 psi in compression. These four cells. located 

90 degrees apart. at elevation 2550 feet (Figure 7-2). are intended to 

register changes in lateral pressures on the shaft key exerted by the 
creeping salt. Table 7-4 shows that the pressure cells have not 
registered any significant change in readings for a period of over 3 

years since construction of the concrete key. 

If we assume that the pressure cells are functioning properly. then the 

halite between a depth of 858 feet and 863 feet (elev. 2552 feet and 
2547 feet) had not made contact with the pressure cell diaphragms as of 
December 9. 1985. According to .the results of computational analyses. 

the contact between the salt and concrete will be reestablished at 

different elevations at different times between 1984 and 1986. 

7.3.2.3 Unlined Section 

• 

Observed Conditions. The unlined section of the shaft appears to be • 

stable with no evidence . of rock spalling. wall deterioration. or 

dissolution by water. 

Closure.. Figure 7-8 compares average diametric closure readings at six 

elevations on December 9. 1985. The readings reflect only relative 

closure since the initial read.ings were taken nearly 1 year after 

completion of shaft excavation. Thus. the maximum diametric closure at 

a depth of 2.057 feet (elev. 1353 feet). near the bottom of the shaft. 

w111 be more than 1.0 inch. At higher elevations in the shaft. the 

actual diametric closure over the same period will. likewise. b~ higher 
. than those shown on the figure. 

Defonnat1on. The radial deformation of salt behind an opening can be 

deten.ined from the measurements of movements of borehole extensometers 
with multiple anchor points. 
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Table 7-4 

C ' SH SHAFT KEY 
PERFORMANCE HISTORY OF PRESSURE CELLS 

Pressure Ce 11 Reading {I!S1} 
Description WE-201 WE-202 WE-203 WE-204 

lnitia 1 Irad Gage Co +1 +2 +6 +13 
ca 1ibration 

Initial SRI +8 +7 +8 +8 
calibration 

Site received, -1 +1 0 -2 
inspection 

Pre-installation, -1 +l -5 -2 
surface 

Pre-installation, 0 -1 -2 -2 
in shaft 

After plaster of paris -2 -2 0 -2 

After concrete 0 0 0 · a 
placement 

Initial installed 0 0 0 0 
reading 

Time after installation: 
7 days +2" -1 +2 +17 

107 days -1 -3 -2 0 

529 days -2 -s -31 +1 

530 days +1 -3 0 -2 
544 days -4 -8 -32 -3 

597 days -4 -7 0 
797 days -1 -7 -38 0 

938 days -12 -11 -27 0 

1030 days -12 -30 -2 

1140 days -6 -10 -25 +3 

1179 days -6 -11 -25 +5 
1342 days -14 -10 -25 -2 

~: Negative sign indicates tension. 
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Date of 
Reading 

Feb. 3, '82 

Feb. 16, '82 

Mar. 30, '82 

Apr. 4, '82 

Apr. 15. '82 

Apr. 15. '82 

Apr. 151 I 82 

Apr. 16, '82. 

Apr. 22. '82 
Jul. 31, '82 
Sep. 26, '83 
Sep. 27. '83 
Oct. 11, '83 

Dec. 3, '83 
Jun. 20, '84 

Nov. 8, '84 
Feb. 8, '85 
May 21,'85 
Jun. 29. '85 
Dec. 9, '85 
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According to extensometer readings on September 16, 1985, the total 

· average collar displacements at elevations 1846 feet and 1353 feet 

(Figure 7-3) were 0.19 inches and 0.235 inches, respectively. However, 

the extensometers were installed nearly 7 1/2 months · after the 

completion of shaft excavation. 

Figure 7-9 shows the collar movement time histories for multiple-point 

borehole extensometers 37X-6£-D0202, 37X-6£-Q0205 and 37X-GE-00208 

relative to their deepest anchor. The undulating shape of the curves 

appears to reflect the influence of seasonal temperature changes on the 

extensometers. The effect· of temperature cha~ges is more pronounced on 

the instrument behavior than on the salt surrounding the instrument. 

Figure 7-10 shows the change in calculated rates of collar movement 

with time for the extensometer time histories on Figure 7-9. The 

maximum rates coincide with the hottest months while during mid-winter 

the rates are close to, or slightly less than, zero. Because the time 

interval chosen for calculating the rate of collar movement is much 

less than the total observation period of 2 years, these rates ·are 

probably very close to the actual rates . 

Comparison of the extensometer collar movements with convergence point 

readings suggests that the salt in the vicinity of the deepest anchor 

may also be moving. Thus collar movement does not reflect the true 

radial closure of the shaft. The amount of movement of the deepest 

anchor for any extensometer of given length can be estimated so that 

the collar displacement provides absolute radial closure. The 

diametric closure can be computed by model simulation as described 

below, by curve fitting as described in reference 4-19, or by closed 

form solution, also described in reference 4-19. Based on this 

analysis, the absolute movements of the collar and intermediate anchors 

for the 36-foot long shaft extensometers will deviate from the measured 

values by only 0.03 inch. 

Model Simulation. The structural behavior of the unlined section of 

the C & SH shaft was analyzed by a nonlinear creep analys"is using the 
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MARC 6eneral Purpose Finite Element Program (ref. 6-8). The objective 

of the analysis was to compute actual structural behavior by utilizing ~ 
available in situ data. thereby verifying the design adequacy of the 
unlined section of the shaft. 

The finite element model used for the analysis utilizes a single 
horizontal plane of quadrilateral ring elements with the upper and 
lower· horizontal boundaries restrained against vertical displacement. 
This model is shown on Figure 7-11. The outside vertical boundary was 
given a constant uniform pressure based upon the 11thostatic stress 
state defined in Chapters. equation S-1. The inside boundary was also 
given a uniform pressure based upon the same lithostatic stress 
assumption; however. the pressure was removed in a step-wise fashion 
over a period of approximately 1 day . This was done to simulate the 
excavation of the drilled shaft. which results in a gradual relief of 
overburden pressure on the shaft interior and affects structural 
behavior in the early stage of excavation. 

. The secondary creep parameter C in Chapter 6. Table 6-8. was determined 
based on extensometer data at a depth of 2.057 feet (elev. 1353 feet). 
The value of C can be computed for each extensometer location using the · 
analytical results and in situ data from the exiensometer. Because c. 
determined from each extensometer. may vary. predicted diametric 
closures along each extensometer will vary accordingly. Using thP 
dia~~etric closures predicted at different directions on the hori zonta 1 
plane. the principal directions of the ·strain on the horizontal plane 
can be determined. Consequently. closure a long two horizonta 1 
principal directions can be predicted. Based on the predicted 
diametric closures at a depth of 2.057 feet in the Nls•w. S75•E and 
545•w directions. the major axis was found to be N17•40'W and the minor 
axis N72.20'E. 

Closure · predictions were made for two principal directions on the 
horizontal plane. Because the stress and strain distributions are not 

• 

sensitive to the value of the secondary creep parameter. except during ~ 
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. the 1n1t1a1 stages of creep, the stress and strain distributions were 

computed based on the average va 1 ues of the creep parameter C • . 

determined from three different directions. 

7.3.2.4 Shaft Station 

Observed Conditions. The C & SH shaft station exh1b1ts spa lling from 

both the roof and wall surfaces that requires continual routine 

maintenance. Displacements, separations and fracturing occuring above 

the roof at clay G and in the underlying halite were expected. 

Data from.the Excavation Effects Program indicate that the halite from 

4 to 10 feet above the roof contains essentially no separations or 

fracturing. Floor heave is evident at the electrical substation where 

the concrete base slab has tilted several degrees. but holes drilled 

into the station floor encountered only minor separations and 

fracturing. Extensometer 51X-6E-Q0253, in the station floor. does not 
show any significant increase in collar movement that would be expected 

if floor heave .and fracturing is occurring. Although the C & SH 

shaft station is the oldest and largest horizontal opening, the extent 

of separations and fracturing beneath the floor is very small relative 

to the fracturing found in the floor beneath Test Room 3 (Chapter 11). 

The observed behavior in the station is apparently due in large part to 

its initial · excavation by blasting. No other underground area has 

exhibited the degree of spalling that has occurred in the station. The 

blasting is thought to have accelerated separations at clay 6 and in 

the underlying halite in the 1111in station area south of the shaft. 

However, the extensive rock bolting in the roof appears to have 

effectively controlled these separations. 

Fracturing in the pillar corners at the S90 crosscut has continued to 

evolve . as the salt responds to stre-sses produced by the station 

excavation. Changes in the fracturing are exhibited pri1111r1ly by the 

apoearance of new vertical fractures and by the elongation and widening 

• 

of existing fractures. Minor spalling has also occurred, particularly • 
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at the roof and wall intersection in the upper portion of geologic map 

unit 4 • 

Closure. Figure 7-12 shows closure rates calculated from the readings 
of roof-to-floor convergence points. The maximum rate appears to have 
occurred during the early part of August 1984. 

The closure rates shown on Figure 7-12 cannot be directly compared 
without considering the differences in dimensions at the locations 
shown, as well as differences in the thickness of the roof beam below 
clay 6, and the number of rock bolts in the vicinity of the respective 
convergence measurement stations. 

Figure 7-13 compares the central vertical closure readings at stations 
518.5 and N39. Although the closure measurements are very close at 
both stations, actual total closure at the 518.5 station will be 
greater since the initial reading at this station was taken nearly 261 
days after the completion of excavation, compared to only 35 days at 
the N39 station. In addition, the larger opening dimensions at the 
518.5 station will also result in more rapid closure. Even though the 
density of rock bolts is greater south of the c· & 5H shaft than north 
of it, the roof-to-floor closure is greater to the south. This is 
probably because the roof beam below clay G is thinner and longer to 
the south. 

Figure 7-14 shows the ·collar movements of multiple-point borehole 
extensometers 51X-6E-Q0227 and 51X-6E-Q0228 in the station roof. 35 

feet north and 65 feet south of the C & 5H shaft, respectively. The 
average collar movement rate of 51X-GE-00228 is higher than that of 
51X-6E-Q0227, as determined from Figure 7-14. The roof closure rate 
south of the shaft is currently more than the rate north of the shaft. 

A double-point borehole extensometer ( 51X-6E-Q0253) was installed in 
the floor of. the C & SH shaft station. The initial reading from this 
extensometer was taken nearly 238 days after the completion of 
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excavat1on at the 1nstrument location (Append1x J, Figure J-172). The 

measured collar movement relative to the deepest anchor was 3.26 inches 

on December 20, 1985. Actual floor heave will be higher as a result of 

the time-lag between the end of excavation and the initial reading 

date. There was a slight increase in the collar movement rate due to 

excavation of the nearby W170 drift, but the rate has since become 

steady. 

Roof Stability. Figure 7-15 shows the distribution of measured 

movements along roof extensometer 51X-6E-Q0251, 18 1/2 feet south of 

the c & SH shaft, for the readings taken on September 18, 1985. The 

magnitudes shown are cumulative between the initial reading date of 

January 11, 1983, and September 18, 1985. The movements are also 

expressed as percentages of the collar reading. Sixty-one percent of 

the relative movement has taken place between the collar and anchor A. 

This has remained practically constant since December 1983 and is an 

indirect indication that there is no accelerating trend in the rate of 

opening at clay 6 in the vicinity of this extensometer. For 

comparison, the distribution of measured movement along roof 

extensometer 51X-6E-Q0227, 35 feet north of the C & SH shaft, is 

shown on Figure 7-16. The relative movement between the collar and 

anchor A has remained constant at 52 percent through December 1985. 

Based on these measurements, there is no indication that clay G is 

parting at an accelerating rate either north or south of the shaft. 

7.3.3 Prediction of Future Behavior 

This subsection presents the results of the analysis and evaluatton of 

the finite element modeling and the data collected in the C & SH 

shaft. These results are presented in the form of predictions for 

future behavior of the constructed shaft elements (liner and key) and 

of the salt surrounding the unlined section of the shaft and the shaft 

station . 
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7.3.3.1 Lined Section 

The water pressure on the shaft liner to date has been less than the • 

hydrostatic. design pressure. The pre~iction of future water pressures . 
behind the liner is difficult due to the reasons discussed in 

subsection 7.3.2.1. The lower potentiometric surface and lack of 
hydraulic continuity along the rock/liner interface may prevent the 

groufld water fro~~ reaching the design hydrostatic head. . In addition, 
leaks around the piezometers and possibly obstructed filters may cause 

the measurements to be somewhat less than the actual pressure 

conditions. 

Figure 7-17 shows that 1f the water pressure does reach the design 

hydrostatic pressure. the liner will remain stable based· on its design 

factor of safety. The figure shows that the pressure capacity of the 

liner far exceeds the design hydrostatic pressure. This pressure was 

detenmined based o~ water ·level data obtained at the site during 

preliminary design activities. The data indicated that the highest · 

potentiometric surface in the Rustler formation beneath the site 
occurred at a depth of . approximately 250. feet below the ground 

surface. This data was later confirmed by investigations conducted in 

the site vicinity by the U.S. Geological Survey (USGS) (ref. 7-9). It 

is not expected that this potentiometric surface will be exceeded 

during the 25-year operating life of the facility. If any external 

water were to infiltrate along the rock/liner interface to fonm a 

column of water that would exceed the hydrostatic head contained in the 

design bases. the stability and safety of the steel liner would still 

not be compromised based on the design factor of safety. 

7.3.3.2 Shaft Key 

The results of the shaft key analysis indicate that after concrete is 

placed against the shaft wall it shrinks away from the wall at a rate 

greater than the rate of salt creep. resulting in a separation between 

the concrete and the salt. The rate of concrete shrinkage decreases 

with time and continuous salt creep eventually results in the salt 
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contacting the concrete again. The interactive pressure between the 

concrete and the salt will then gradually increase due to continuous 
salt creep. 

In the key area, the shaft wall radial and tangential stresses (Figures 

7-18 and 7-19, respectively) were plotted as a function of distance 

from the centerline of the shaft for a typical section inmediately 

after excavation of the shaft and for 1 year and 25 years after 
concrete placement. As expected, the radial stresses in the salt are 
initially relieved near the opening but begin increasing after the salt 

comes in contact with the concrete. Further away from the opening, the 

stresses trend toward the overburden pressure. 

The tangential stresses _in the salt 3 days after excavation show an 

elastic response which gives very high values near the opening. The 

stresses are relieved near the opening from the time the salt starts to 

creep until it contacts the concrete. After contact is made, and .for 

the remain~er of the 25 year analysis period, the stresses in the salt 

. and concrete key increase. There exists a discontinuity of stress at 

the concrete/salt interface which is primarily due to differences in 
their material properties. Like the radial stresses, the tangential 

stresses approach the overburden pressure with increasing distance from 
the opening. 

At 25 years, the radial stresses, which are equal to the lateral 

pressures on the salt face of the key, will increase to an average 

value of 275 psi. At the same time, the max1IIUII hoop stress at the 

inside face of the concrete key has an approximate value of 1,000 psi, 

with an average value across the key of about 825 psi. Figures 7-20 

and 7-21 show the predictions for average lateral pressures and average 
hoop stresses, respectively. A lateral pressure capacity in the key of 

833 psi, based on an allowable hoop stress controlled by a concrete 
compression of 3,000 ps1, results 1n a factor of safety of 

approximately three. 
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The average diametric closure of the key at 27 years is expected to be 

about 0.1 inch with a maximum value of 0.175 inch, or about half the 
predicted value for the salt in the unlined section inmediately below 
the key (Figure 7-22}. The average diametric closure of the unlined 
section immediately below the key at 27 years varies from 0.03 inch for 

the anhydrite bed to 0.38 inch for the argillaceous halite layer. 
Figure 7-23 shows the diametric closure predictions for both the 
concrete key and the salt in the adjacent shaft wall. 

7.3.3.3 Unlined Section 

Extrapolation of In Situ Responses. Convergence point measurements are 
too .few to be used for the extrapolation of future in situ responses in 
the unlined section of the shaft. Thus, the readings of collar 
movements of multiple-point borehole extensometers must be used for 

this extrapolation. Because the extensometer collars are recessed 
1 foot into the wa 11, and the readings are referenced to the deepest 
anchor which is also moving, extrapolation of collar movement will not 
produce an exact estimate of the movement of the shaft surface . 

The maximum collar movement occurs at multiple-point borehole 
extensometer 37X-6E-00208 at a depth of 2,057 feet. (elev. 1353 feet} 
(Figure 7-3). As discussed earlier, and as shown on Figure 7-9, the 
collar movement is affected by seasonal temperature fluctuat1ons. 
However, if we consider only the later purtion of the curve, its slope 
is approximately 0.125 inch/year between June 1984 and June 1985. 
Assuming this rate to ·be constant for another 22 years, the additional 
radial movement of the collar will be nearly 3 inches. Thus, the 
effective diameter of the unlined shaft will be reduced by nearly 6 
inches. 

RePlication of In Situ Responses. Figures 7-24 and 7-25 show the 
radial and tangential stress distributions relative to the overburden 
stress at different times. Figure 7-24 indicates that the zone where 
radial stresses are affected increases . in size with time while Figure 
7-25 indicates that tangential stresses · are only affected within an 
approximately constant radius of 60 feet. 
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Figure 7-26 shows the ratio of radial displacements at various 
distances from the shaft centerline relative to the radial displacement • 
of the shaft wall at different times. Based on this figure, the ratio 

· of the displacements between each extensometer anchor point and the 
shaft wa 11 can be determi.ned. This figure indicates that the 
extensometer ~ollar readings relative to the deepest anchor will reach 
about 84 percent of the actual radial displacement of the shaft wall 15 
years after excavation. 

Figure 7-27 illustrates the effective creep strain distribution in the 
shaft at a depth of 2,057 feet (elev. 1353 feet) at selected times 
after excavation. The magnitude of effective strain at the shaft wall 
at 15 years approaches a value of approximately 0.03. 

Figure 7-28 shows diametric closure versus depth at different times. 
The response curves are drawn relative to the time the initial 
instrument readings were made. The response indicated by the curve· to 
the 1 eft of the vert i ca 1 axis corresponds to the computed response 
which took place between excavation and the initial instrument 
reading. The relative response between October 1982 and June 1984 is 
correct regardless of the time offset. Varying the time offset in 
effect shifts the position of all other response curves relative to the 
vertical axis. The diametric closure prediction at a depth ·of 2.057 

feet is shown on Figure 7-29. 

7..3.3.4 Shaft Station 

F gure 7-15 shows that, for roof extensometer 51X-6E-Q0251 in the 
C & SH shaft station, the relative movement between the collar and 

.anchor A, ·expressed as a pe~entage of the collar reading, has remained 
practically constant for the last 2 years. Thus, provided that no 
failure of the mechanical-anchor rock bolts occurs, the closure rate of 
the roof is expected to stabilize. It is assumed that no new 
excavation will occur close to the station. If additiona 1 excavation 
is performed, the rate of closure between the roof and floor and 
between the walls may be accelerated. 
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The rock bolts and wire mesh in the station roof will control spalling 

and stabilize the roof to · provide a safe working environment but will 

not control salt creep. Although separations and fracturing have 

developed in the salt surrounding the shaft station, they exist on a 

much smaller scale than those observed in Test Room 3. They are 

expected to continue to develop throughout the operating life of the 

facility. 

The total measured roof-to-floor closure in the C & SH shaft station 

was approximately 10 inches on September 16, 1985, nearly 3 1/4 years 

after the completion of excavation. The measured wall-to-wall closure 

over the same period was about 6 inches. Actual closure values are 

higher because the initial readings were taken nearly 260 days after 

the station was excavated. The average rate of roof-to-floor closure 

over the measurement period is approximately 3.89 inches/year. 

Assuming this rate will be constant throughout the operating life of 25. 

years. an additional roof-to-floor closure of about 8 feet is 

expected. Since the wa 11-to-wall closure is approximately 60 percent 

of the roof-to-floor closure, the additional wall-to-wall closure is 

expected to be nearly 5 feet. 

7.4 CONCLUSIONS AND RECOMMENDATIONS 

Design validation requires a determination . of the compatibility of the 

design criteria, design bases and design configurations ·used in the 

reference design. Therefore, the following conclusions and 

reco~~~nendations address those criteria identified as applicable to the 

C & SK shaft in Chapter 2, ·Table 2-1, and the design basis elements 

presented in this chapter, Table 7-1. Other conclusions and 

recommendations that are a product of the design validation process are 

also presented. 

7 .4.1 Conclusions 

Validation of the C & SH shaft reference design is based on a 

comparison of the applicable elements contained in the Design Criteria 
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and Design Bases documents with in situ conditions. These documents 

contain the requirements that the C & SH shaft must meet in terms of • 

shaft stability, deformation, water pressure, water control, and shaft 

station stability and deformation. 

Observations made during shaft inspections have nat detected any signs 
of deterioration or instability. Due to its design pressure capacity. 

the liner is expected to remain stable even if the water pressure 
exceeds the design hydrostatic pressure. 

The design basis assumption that the hydrostatic pressure begins 250 

feet below the ground surface is suitable. Piezometer measurements 
indicate that th~ hydrostatic pressure is currently much less than the 

design basis pressure. These measurements are of sufficient accuracy 

to indicate that an anomalously high hydrostatic condition does nat 

exist. 

The design basis requirement that the key be designed to resist lateral 

pressure from the salt equal to 75 percent" of the overburden pressure, 

approximately 640 psi. is suitable. The shaft key analysis indicates 
that the latera 1 pressure an the key at the end ·of 25 years wi 11 be 

approximately 275 psi. The lateral pressure capacity of the key is 833 

psi. This provides for a .. factor of safety . of. about three. The 

analysis further shows that the maximum diametric closure expected far 

. the key at the end of the operating period .is only 0 .• 175 inch. If the 
plastic flaw or creep properties of the concrete were {ncluded in the 

analysis, the results would indicate that the design pr,ssure would nat 

be reached until after the 25-year operating 11fe of the facility. 

Based on the computed vertical. horizontal and effective stresses in 
the unlined section, the magnitude of stresses · immediately adjacent to 
the opening decreases with time as the stress arch around the opening 

aigrates away. The maximum stress occurs immediately after excavation 

and is followed by relaxation due to creep behavior. The stresses 

• 

will, therefore. not cause a future stability problem in the unlined • 
section of the . c & SH shaft. 
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The analyses show the locations of effective creep strain 

concentrations in the unlined section of the shaft at different times . 

It is predicted that the maximum effective creep strain will not exceed 

0.05 at the end of the operating life of the shaft. Based on the 

effective creep strain limit discussed in Chapter 6, the structural 

stability of the C & SH shaft will remain within required safety 

limits during its operating life. 

The analyses also predict that the diametric closure near the bottom of 

the shaft at the end of its operating life will be approximately 

10 inches along the major axis of principal strain. approximately 18 

degrees from the longitudinal direction of the shaft tubular steel 

supports (buntons). Based on the predicted deformations and closures, 

the unlined section of the shaft will meet the requirements stated in 

the design criteria. The diameter of approximately 12 feet in the 

unlined section will allow for salt creep over the operating life, as 

required by the design bases. However, based on the design 

configuration of the C & SH shaft. the connections at both ends of 

some buntons do not provide sufficient allowance for longitudinal 

adjustment. 

The C & SH shaft reference design complies with the criteria that 

require control of ground-water flow. This conclusion is made despite 

the fact that considerable instrumentation damage has been caused by 

water .flow. Th1s water has seeped into the shaft through holes cut in 

the liner for piezometer installation or is a result of direct 

rainfall. The piezometer leakage problem · has be~n addressed and will 

receive additional corrective attention during a future shaft 

renovation. The rainwater does not reach the facility level in any 

significant or measureable quantity. 

The chemical water seal just below the key piezometers is probably 

breached. · The lowest water seal in the key. is functioning properly. 

The water draining from the telltale drains has a local source. 

Therefore, it is concluded that there is no solutioning of the salt 

behind the key. 
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The C & SH shaft station exhibits the highest degree of deterioration 

in the underground facility. This is considered ' to be the result of • 

the effects of blasting for initial excavation of the station. The 

station roof has been stabilized by rock bolting and no further 

significant deterioration is expected. However, removal of the 3-foot 
thick salt beam between the roof and clay G may be required for safety 
reasons in the future. Closure will continue at a rate of 

3.89 inches/year vertically and 2.33 inches/year horizontally. Total 

closure after 25 years will be on the order of 8 feet vertically and 5 

feet horizontally. This closure will require that the station roof or 

f)oor, and walls be trimmed periodically to maintain the design 

dimensions. 

Separation and fracturing in the salt 1s expected to continue in the 

station roof and beneath the floor. Both closure and fracturing in the 

station will necessitate periodic maintenance during its operating life 

in order to maintain safety as well as the required· clearances · for 

equipment and operations. 

The reference design for the C & SH shaft is validated based on the 

preceding discussions. The reference design complies with the design · 

criteria and design bases. Except for instrument repair and 

maintenance, no modifications are required to. the shaft reference 

design. The C & SH shaft will perfonD its functions as required 

during the operating life of the facility. 

7.4.2 Recommendations 

Based on the results of ·design validation, the following 

recommendations are made with respect to the c & SH shaft: 

(1) Water behind the shaft key is undesirable and should be 

monitored carefully. If the volume of water behind the key 

increases, or 1f water starts flowing from beneath the key, 

past the-lower water seal, it may become necessary to inject 

grout above the top water seal · in the key. Grout should not 
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be placed behind the key (below the top seal) unless 

absolutely necessary. If this cannot be avoided, the grout 
must be a chemical gel (or other non-rigid grout) and must be 
compati b 1 e with both the exist 1 ng water sea 1 materia 1 and 
with the Plugging and Sealing Program requirements. 

(2) Based on the results of design validation of the C & SH 
shaft, it is recommended that, during inspection of the shaft 
furnishings, the bunton connections should be inspected for 
closure allowance. If the allowance is insufficient, 
corrective action should be taken to provide for additional 

closure. 

(3) The observation holes drilled in the roof of the shaft 
station to monitor displacements and separations, and in the 
floor to monitor fracturing, should be maintained. Continued 
observations of conditions in these holes will be valuable in 
assessing the safety and stability of the station • 
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8.1 INTRODUCTION 

CHAPTER 8 
WASTE SHAFT 

The waste shaft provides the connection between the surface waste 
handling facilities and the underground storage level. A discussion of 
shaft construction was presented in Chapter 3 and geologic 
characterization of the shaft stratigraphy was presented in Chapter 6. 
This chapter presents discussions of the design criteria and design 
bases pertaining to the waste shaft. It documents the collection of 
waste shaft geotechnical data. its analysis and evaluation. and 
presents predictions of future shaft behavior. Conclusions and 
recomendatio_ns are presented based on a comparison of the results of 
the design validation process with the shaft reference design. 

8.2 DESIGN 

Th1s section presents the design criteria and design bases used · to 
develop the reference design for the waste shaft. The design 
configuration of the shaft is discussed in Chapter 3. subsection 3.3.2. 

8.2.1 Design Criteria 

The design criteria for the waste shaft are the same as those for . the 
C & SH shaft. The criteria requiring validation are indicated in the 
listing of abridged criteria presented in Chapter 2. Table 2-1. and are 
discussed in Chapter 7 •· 

The design criteria requiring evaluation for design validation of the 
waste shaft are: 

(1) shaft shall be designed to be structurally stable; 

(2) shaft shall be designed to accommodate salt creep; 

(3) ground-water flow into the shaft shall be controlled; 
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(4) underground openings (i.e. waste ·shaft station) shall be 
designed to accommodate deformation; and 

(5) underground openings shall be stable. 

8.2.2 Design Bases 

The Design Basis. Waste Shaft (ref. 2-15) was the primary document used 
as a guide for waste shaft design. The major elements of this basis 
are summarized_ in this subsection. Only a few of these elements must 
be evaluated or have a direct impact on design validation. These 
particular elements are presented in Table 8-1. 

The design bases specify that the waste shaft shall be designed to 
transport personnel, materials and radioactive waste. It shall also 
serve as an intake shaft for a small volume of air during nonnal 
operations and as an escape .route during emergency operations. 

The shaft shall be lined with unreinforced concrete from the bottom of 
its collar in the waste handling building to the top of the shaft key 
at the rock/salt interface. The liner shall be permanent and shall 
protect against spalling, fallout and deterioration of the rock in the 
shaft wall. It shall also prevent water seepage into the shaft. 

The shaft liner shall be designed in compliance with applicable ACI 
Codes. A load fact~r of 1.4 shall be used for designing the concrete 
liner. The specified concrete compressive strength shall be 
5,000 psi. No lateral rock pressure shall be assumed for design of the 
shaft liner. Hydrostatic pressure shall be considered to start at 250 
feet below the ground surface and extend to the rock/salt interface at 
the top 4f the key. The water pressure shall be considered to increase 
0.437 pounds per square inch (psi) for each foot of depth. 

At water-bearing zones, the shaft shall be enlarged and liner plate 
installed to provide pressure relief and drainage space behind the 
liner during concrete placement and curing. Drainage pipes and 
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Table B-1 

VALIDATION ELEMENTS OF WASTE SHAFT DESIGN BASES 

(1) Shaft liner 

Hydrostatic pressure is considered to start at 250 feet below the 
ground surface and extend to the top of the key. 

(2) Shaft key 

Design lateral pressure shall be 50 percent of the vertical 
pressure due to soil. rock and salt overburden. 

(3) Unlined section 

Provide 20-foot diameter to allow for future salt creep 
deformation • 
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temporary hoses shall be installed to control water inflow prior to 
placement of the concrete liner. When the concrete liner has attained 
adequate strength, the area behind the liner plate shall be grouted to 
preclude deterioration of the dolomite and mudstone in the 
water-bearing zones. 

The shaft key at the bottom of the concrete liner shall be constructed 
of reinforced concrete keyed into the rock and salt strata. A chemical 
water seal shall be placed behind ·the top and bottom of the key to 
prevent the migration of water. After the completion of shaft 
excavation and construction of the concrete liner and key, permanent 
piping from water collection rings to the shaft· station shall be 
installed. Water from the collection rings shall be piped to a tank in 
the shaft station and then transported to the surface. The pi ping 
shall include inspection and clean-out fittings. Inspection and 
cleaning of the water collection rings and drainage piping shall be 
performed as necessary. 

A load factor of 1.7 shall be applied to the design loading used for 
the concrete in the shaft key. The key shall be designed to resist 
lateral pressure generated by salt creep. The design lateral pressure 
sha 11 be SO percent of the tota 1 vertica 1 pressure due to the soi 1, 
rock and salt overburden. 

Below the key, the shaft shall be excavated 20 feet in diameter to 
a.llow for future salt creep deformation. Rock bolts and wire mesh 
shall be installed in this unlined section of the shaft in order to 
provide a structurally stable salt surface. 

A shaft-i station shall be excavated at the storage level. The shaft 
shall extend below the storage level to such a depth as required by the 
hoisting equipment and sump. The use of rock bolts and wire mesh shall 
be dictated by the condition of excavated surfaces as well as code 
requirements; The roof, walls and floor shall be checked periodically 
for loose salt in accordance with applicable codes. The tolerance for 
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excavation of roof, floor and wall surfaces shall be no greater than 
plus 6 inches. In no case shall the finished cross section dimensions 

be less than the design dimensions. 

Geomechanical instruments shall be installed to measure water pressure 
behind the shaft liner. salt creep pressure behind the key, and radial 
convergence in the unlined section of the shaft. The types of 
instruments installed shall be piezometers, pressure cells, radial 

convergence points and extensometers. 

The shaft, including the liner, key, unlined section, station and 

furnishings. shall be inspected at 1 month intervals, or as required by 
applicable cedes. to detect cracking, corrosion, deterioration and 

water intrusion. 

8.3 DESIGN VALIDATION PROCESS 

The design validation process for the waste shaft consists of 
analytical calculations, finite element modeling, and the analysis of 
data collected from geomechanical instruments installed in the C & SH 
and waste shafts. The in situ material parameters of salt determined 
from C & SH shaft instrumentation data were used to analyze the 
closure behavior of the waste shaft. For the shaft station, the in 
situ measurement data obtained from the C & SH shaft station were 
used to predict future closure behavior. The following subsections 
present information · pertaining to validation of the waste shaft 

reference design. 

8.3.1 Data Collection 

Data collection in the waste shaft has consisted of geologic mapping, 
visual ~observations and geomechanical instrumentation measurements. 
Data obtaine.d from the geologic mapping were presented in Chapter 6. 
The following subsections discuss the field observations and the 
geomecnanical instrumentation in the shaft • 
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8.3.1.1 Field Observations 

Waste shaft inspections have been concerned primarily with water • 

seepage through the concrete liner. salt incrustation on the surface of 

the liner. dissolution in the shaft sump and the results of the liner 
grouting program. 

Water seepage through the waste shaft liner has occurred since 

construction. As discussed in Chapter· 3. subsection 3.4.2. grouting 
during construction behind the steel liner plate at both the Magenta 

and Culebra members did not completely prevent water from entering the 

shaft. It was estimated that the total water seepage through the liner 
was approximately 0.5 gallons per minute (gpm). A remedial grouting 

program (ref. 3-3). conducted from August 11 through August 25. 1984. 

reduced the seepage to about 0. 015 gpm as measured in October 1984 . 

Subsequent inspections in February and June 1985 detenained that fresh 

water had begun seeping through cracks and construction joints in the 

liner from zones within and above the grouted area. The highest level 
of water seepage · was occurring at a depth of only 60 feet below the 

shaft collar. Because this is higher than the potentiometric surface 

of ground water in the Magenta and Culebra members. the source of the 

seepage was probably rainwater and construction water contained in the 

backfill around the shaft collar and in the underlying 6atuna 

sandstone. This 1s based on the fact that heavy rains in the late 

sunmer of 1984 left substantial quantities of water ponded in the · 
waste-handling building excavations and in the remnant of the SPDY 

ventilation shaft dr11Hng fluid reserve pit. 

The initial rate of ~his renewed seepage could not be measured because 

the PVC drainpipe had been broken in several places. Subsequent repair 
• 1 

of the drainpipe has penaitted the rate of water inflow to be measured 

on a regular basis. The measurements are obtained by ti•ing the flow 

of water from the drainpipe into a calibrated bucket. These 

•asurements do not consider the small IJIOunt of uncontrolled •fly 
water• that falls down the inside of the shaft. The initial 

• 

measurement. ·in January 1986. was 0.47 gpm. The measurements. are • 

8-6 



• 

• 

• 

plotted on Figure S-1 and show a generally decreasing trend in the flow 

rate. This trend may be influenced by three factors. First, the water 

contained in the backfill and sandstone has slowly drained into the 

shaft. Second, the rate of evaporation increases as the outside air 

temperature increases, thus reducing the amount of water reaching the 

drains. Both of these conditions are temporary. A series of 

rainstorms could recharge the baclcfi 11 and sandstone, and evaporation 

wi 11 decrease with cooler winter temperatures. Heavy rains in June 

1986 may have been responsible for the increased flow detected by the 

late June reading. The third factor influencing the flow trend is the 

possibility that the water collection rings and the drainpipe may be 

partially blocked by debris. This would result in reduced water flow 

through the drainpipe and an increase in the amount of unmeasureable 

fly water. 

Although there has been limited access to the waste shaft since 

August 1984, several inspections of the shaft and sump have been made. 

One inspection was made on February 21, 1985, at which time some 

instrumentation damage was observed. In addition, the PVC drainpipe 

was observed to have been broken in several locations. Appreciable 

salt incrustation was noted on the surface of the concrete liner and on 

many of the instrumentation boxes and cables. This incrustation was 

primarily attributed to salt dust from the underground ·excavation 

· adhering to the damp shaft walls during the period since September 1984 

when the waste shaft was used as an exhaust shaft. A sma 11 percentage 

of this salt incrustation was also attributed to water seepage through 

the liner • 

. On June 16, 1985, another inspection of the waste shaft was made to 

within 60 feet of the shaft station. The shaft ventilation had been ... 
changed fraaa upcast to downcast after the February inspection. Very 

little salt incrustation was present on the concrete liner and only a 

Slllilll . amount was present in places on the wire mesh. Fresh water 

entering the shaft through the liner, from approximately 60 feet below 

the collar, was running down the riner. Although much of the liner was 
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observed to be wet, the water rings were not full. This water appeared 

to have dissolved the salt incrustation observed in the February 1985 

inspection. Cracks were corrnon in the liner to within 60 feet of the 

collar. The PVC drainpipe damage had not been repaired. No water was 

seen drai-ning from below the concrete key. The shaft sump contained 

water to within 60 feet of the shaft station floor. This water was a 

combination of rainwater, construction water and ground water. It was 

pumped out in September 1985. 

On December 1, 1985, another inspection of the waste shaft was made. 

The PVC drainpipe was still broken or disconnected at several levels. 

The water rings were plugged and overflowing. There appeared to be an 

increase in water flow into the shaft, most noticeably at the Culebra 

member. An approximately 1/8- to 1/4-inch thickness of salt had been 

deposited on the liner below the Culebra. 

On December 11, 1985, an inspection of the waste shaft sump was made. 

During this inspection, and a subsequent inspection on December 12, 

1985, MB-139 was observed closely. The clay along · the lower contact 

was distinct and no separations were noted. Although the upper contact 

could not be distinguished behind a covering of wire mesh, MB-139 could 

be seen quite well and appeared to be intact and undisturbed. One 

small fracture, approximately 2 feet long and 1/2 inch wide was 

observed on the west side of the shaft approximately 1 foot above the 

lower contact. 

An anhydrite bed · 61 to 66 feet below the station floor was also 

obser-Ved during this inspection. A zone of · dissolution was present 

along the upper contact of this layer in the northwest to southeast 

half of the shaft. The dissolution occurred partially within the 
• 

anhydrite bed. The maximum void width of approximately 0.7 foot 

occurred on the south-southwest side of the shaft and extended 
. . 

approximately 18 feet south into the salt. The zone of dissolution 
pinched out going around the shaft in either direction away from the 

area of maximum opening. There did not appear to be any disturbance of 
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·the strata overlying or underly1ng th1s zone anywhere around the shaft 

and no voids or disturbance of the anhydrite existed on the opposite • 

side of the shaft. The upper contact of the anhydrite with the 

overlying halite did not exhibit any irregularities. From the physical 

evidence available, it appeared that this feature was the result of 

localized .dissolution. No dissolution of the anhydrite was observed. 

The dissolved material was probably a soluble evaporite mineral 

representing a facies change within the Salado formation. The 

dissolution appeared to have resulted from the previously discussed 

water which had been standing in the sump. The level of this water was 

measured at 60 feet from the shaft station floor prior to its being 

pumped out in September 1985. The shaft wall below the water line 

exhibited no significant deterioration due to the standing water. 

However, some sloughing of an anhydrite layer 71 to 75 feet below the 

shaft station floor and widening of the shaft near the bottom of the 

sump was evident. The shaft wall exhibited a glazed surface which 

probably resulted from minor dissolution of the salt surface. 

A shaft inspection was conducted on July 24, 1986. The inspection team • 

mapped the location of cracks in the concrete liner and any associated 
seepage. They also mapped the location of leaking construction 

joints. This ~~apping indicates that additional cracks have developed 

1n the liner since mapping was conducted prior to ~he August 1984 

grouting program. The shaft was found to be considerably drier than 

during the 1984 mapping .program. Many of the new cracks mapped may 

have existed in 1984 but were masked by the water on the shaft · walls. 

Also, salt precipitates now enhance the outline of the cracks. The 

inspection also revealed that recent construction work inside the shaft . 
has resulted in SOlie instrument cable and junction box damage and in 

~ 

breakage of the previously repaired PVC·dra1np1pe. 

The waste shaft station has shown little deterioration since it was 

enlarged from _the SPDV ventilation shaft station dimensions. Visual 
surveys are performed approximately every 3 months by site geologists. 
The results of . these inspections are documented in the 6FDRs. Only 
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minor spalling along the station walls has occurred. Vertical 
fractures similar to those found in the drifts and test rooms have 
developed at intersection corners. The roof, although showing no 
visible evidence · of deterioration, has been covered by wire mesh and 
rock bolts for safety purposes. During the July 1986 shaft inspection, 
some separation at clay G was observed on the east and west sides of 
the shaft. The separation was a maximum of 3/4 inch wide at the shaft 
surface and decreased away from the shaft. No separation was observed 

at clay H. 

Minor separations and fracturing in MB-139 and in the overlying halite 
have been observed in the station floor. A dish-like fracture zone 
similar to that found in Test Room 2 is present, but has developed on a 
much smaller scale. Inspection of MB-139 in the shaft sump, and 
evidence from boreholes drilled in the station floor, show that the 
marker bed and the overlying halite are, for the most part, intact. 

8.3.1.2 Geomechanical Instrumentation 

The waste shaft geomechanical instrumentation is similar in design to 
that of the C & SH shaft. The shaft contains 12 vibrating-wire 
piezometers, 4 pressure cells, 9 multiple-point borehole extensometers, 
and 3 sets of radial convergence points. Figure 8-2 shows the 
instrument locations in the waste shaft and Figure 8-3 shows details of 

the key instrumentation. 

As in the C & SH shaft, all of the geomechanical instruments, except 
the convergence points, are monitored remotely. The instruments are 
connected to the surface datalogger that polls all of the remotely-read 
underground instruments on a scheduled basis. 

The 12 piezometers were installed on September 7 and 8, 1984, after the 
6-foot diameter SPDV ve_ntilation shaft had been enlarged to become the 
20-foot to 23-foot diameter waste shaft. The water that could exert 
pressure on the liner is expected to COlle from the two water-bearing 
members in the . Rustler formation. The Magenta dolomite member occurs 
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from a depth of 596 feet to 621 feet (elev. 2813 to 2788 feet) and the 
tulebra dolomite lletlber from a depth of 706.5 feet to 728.5 feet • 
(elev. 2702.5 to . 2680.5 feet). Two piezometers are at each of the 
following elevations: 2877, 2798, 2740, 2692, 2651 and 2564 feet 
(Figures 8-2 and 8-3). The piezometers are located on opposite sides 
of the shaft, one at N60•£ and the other at S6o•w • . Piezometer readings 
are shown on the data plots in Appendix J. 

The four pressure cells are located in the waste shaft key between the 
salt of the shaft wall and the concrete comprising the key. The 
pressure cells were installed at a depth of 866 feet (elev. 2543 
feet). The four cells are spaced 90 degrees apart around the shaft at 
the north, east, south, and west positions (Figure 8-3). Initial 
pressure cell readings were taken on April 6, 1984. The waste shaft 
key concrete was placed. between March 23 and April 3, 1984. Pressure 
cell data plots are also presented in Appendix J. 

The extensometers a.nd convergence points were installed only in the 
unlined section of the shaft below the key. These instruments, whose 
locations are shown on Figure 8-2. were installed after enlargement of 
the shaft to its final dimensions. 

The n1ne mult1ple-po1nt borehole extensometers were installed between 
August 31 and September 5, 1984, 3 to 5 months after the completion of 
shaft enlargement. Three extensometers each are located ·at three 
elevations in the unlined section of the shaft: 2338, 1843 and 1350 
feet (Figure 8-2). The extensometers are spaced 120 degrees apart 
around the shaft. Plots of the readings are presented in Appendix J • 

.A 

A set of radial convergence points, consisting of four points each, is 
located at each of the same elevations as the extensometers. The 
convergence points were installed immediately after enlargement of the 
shaft. Due to interference by shaft furnishings. 1t wa.s not · possible 
to set the convergence points at 90 degrees from each other. The set 

• 

of convergence points at a depth of 1,071 feet consists of two points • 
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on each side of the shaft conveyance furnishings. The two points were 

set 44 degrees apart. At the other two depths the two points on each 
side of the shaft are set 53 degrees apart. Convergence point readings 
were obtained from April through June 1984 and are plotted in 
Appendix J. However, their performance is considered poor and 
erratic. The readings have been affected by salt incrustation on the 
convergence point eyebolts and extensions. Convergence point readings 
were discontinued when the temporary waste shaft hoist was 
deconmi ss i oned on September 12, 1984. The convergence points wi 11 be 
inaccessible until approximately December 1986, when the permanent 
waste shaft hoist is installed. 

Geomechanical instruments were installed in the SPDY ventilation shaft 
station in late 1982. The instrumentation consisted of three 
multiple-point borehole extensometers and two sets of convergence 
points as shown on Figure 8-4. When the shaft was enlarged to become 
the waste shaft, the station was also enlarged and the original 
instruments were destroyed. Two extensometers were then instal)ed in 
the enlarged shaft station. Both of . these extensometers are in the 
roof, one on either side of the waste shaft (Figure 8-5). 

8.3.2 Analysis and Evaluation 

Analysis of the waste shaft data and its evaluation against reference 
design parameters has been divided into four elements: the 
concrete-lined section of the shaft; the shaft key; the un11ned 
section; and the shaft station. This division is based on the 
different in situ and design conditions in each of these areas~ 

8.3.2.1 Lined Section 

Engineer1ng mechanics principles were used to design the concrete liner 
against elastic buckling. Both axial and flexural stresses were 
considered in the design. Permissible stress values were . those used 
for sti"'Uctural plain concrete (ref. 8-1) utilizing the. ultimate 
strength design method. Since there are no significant salt strata in 
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the rock surrounding the liner, rock creep and the resulting rock 
pressure against the liner were assumed to be negligible. Hydrostatic 
pressure acting from a depth of 250 to 844 feet was used in the design 
based on the applicable design b~.is element (Table 8-1). 

Additional stresses in the liner due to initial imperfections in 
roundness and grouting pressures were also considered. For stress 
calculations. an initial imperfection of 1 inch was assumed in the 
roundness of the liner. In place of the local water pressures, 
grouting pressures 1.3 tilDes the ground-water pressure were assumed to 
act over one-sixth of the circumference of the liner. Due to localized 
effects, a 20 percent increase in the allowable concrete stress was 
assumed due to the short-te~ loading of the grouting pressure. 

The external pressure capacities and corresponding closure limits 
(maximum diametric changes) for different thicknesses of the liner· are: 

Depth 
(feet) 

27 to 462 
462 to sao· 
580 to 762 

- 762 to 83-7 

Liner· 
Thickness 
(inches) 

10 
14 
18 
20 

Pressure Closure 
Capacity Limit 

Cps1l Cinches) 

216 0.165 
370 0.215 
523 0.251 
598 0.26"6 

The intent of the shaft piezometers is to monitor the pressure exerted 
on the. liner ·bY water fr011 the Rustler formation. These data would 
indicate if the design hydrostatic pressure from the design basis was 
suitable. 

Table 8-2 S~DD~rizes the variation in measured water pressures behind 

the liner at different times. Figure 8-6 shows the average reading on 
September 18, 1985, for each piezometer pair plotted against shaft 
depth. For comparison, the hydrostatic design pressure for the liner 
througb this interval is also shown. 

The measured pressures at this time are lower than the design pressure 

• 

• 

for two apparent reasons. First, water seepage through cracks and • 
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Table 8-2 

• WASTE SHAFT LINER AND KEY 
SUMMARY OF MEASURED WATER PRESSURES (psi) 

PIEZOMETER NO. 31X-PE-00 

Date 201 202 203 204 205 206 207 208 209 210 211 212 
of E1ev. E1ev. E1ev. E1ev. E1ev. E1ev. 

Reading 2879 2798 2740 2692 2651 2564 

Dec. 26, 1984 -1 0 16 20 -7 -8 77 93 65 76 13 11 

May 16, 1985 -2 0 , 16 12 -15 79 95 58 84 8 10 

June 27, 1985 * 0 13 19 * -16 78 95 * 91 11 12 

Sep. 18, 1985 * l 17 26 * -14 99 115 * 107 19 22 

Dec. 18, 1985 * -3 -3 -2 * -3 47 51 * 27 4 8 

Mar. 16, 1986 * -3 2 6 * -13 * 63 * 47 5 12 

June 13, 1986 * .0 10 15 * -20 * as * 74 18 19 

• * Piezometer not functioning • 
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co~struction joints in the liner has not allowed the water to build up 
to its full hydrostatic head. This means, that the piezometers are not 
measuring the full pressure that might be expected against the liner if 
the leaks were sealed. Second, the low pressure readings, and 
especially the variation in readings, suggest ·that hydraulic continuity 
is incomplete along the rock/liner interface. It is possible that 
water from the Culebra has been isolated, or at least restricted, in 
its vertical extent. This is suggested by the distribution gf 
pressures shown on Figure 8-6. 

The pressure distribution of the piezometers is also shown on Figure 
8-7. These readings, however, are the maximum pressure values measured 
for each piezometer elevation. The figure also shows the design 
hydrostatie pressure distribution for the entire liner and its pressure 
capacity. The pressure capacity provides a significant factor of 
safety over the design hydrostatic pressure. 

8.3.2.2 Shaft Key 

Due to lithostatic pressure, the salt formation behind the shaft key 
tends to creep over time. The result is a buildup of inward pressure 
against the concrete key. The concrete key was designed to withstand a 
lateral pressure equal to 50 percent of the vertical overburden 
pressure (approximately 60 ksf) for at least 25 years after its 
construction. This reduction in lateral pressure from 75 percent of 
the overburden pressure for the C & SH shaft to 50 percent for the 
waste shaft was based on the results of the analysis of data obtained 
from the C & SH shaft (Chapter 7). 

A nonlinear finite element analysis was utilized to simulate the 
long-term creep interaction of the salt and the concrete key. The 
analysis was performed using the MARC Finite Element Program discussed 
in Chapter 6. The material properties of the finite element model 
simulated the creep behavior of the salt via a power law (equation 
C.4-6 in Appendix C) provided in the analysis • 

8-21 



El.EVA TION CFn 

3000 

2900 

2800 

2700 

2600 

2500 

MAGENTA S S S S 
MEMBER 

SALT 

•• 

0 200 

Figure 8-7 

PRESSURE CAPACITY 
OF LINER 

DESIGN HYDROSTATIC 
PRESSURE 

• MAX lMUM PIEZOMETER 
REAOINC PRESSURE 
THRU JUNE 13. 1986 

400 . 600 

PRESSURE CPS 1). 

WASTE SHAFT LINER 
PR SSURE COMPARISON 

8-22 

• 

• 

• 



pot I 

• 
PQt I 

. ~ 

• 

1ZOO•-o• _____ _.:._3'_:-o_• ~r.] 

(A) BEFORE ENLARGEMENT 

I J I I ) 
. 
12oo•-o• 

(B) AFTER ENLARGEMENT 

J 
) I I I 

. 12oo•-o• 

(C) AFTER CONCRETE CONSTRUCTION 

. . 

Figure 8-8 

WASTE SHAFT KEY 
FINITE ELEMENT MODEL 

8-23 

1 I ~ 
It- 13'-9. .. 

~ 
I I I 

It- 9'-6 • 



Model Simulation. Unlike the more sophisticated analysis of the 

C ' SH shaft key (which employed a multi-layered, axisyaaetric finite 

element model), the finite element model for the waste shaft key and • 

surrounding salt consists of a single layer of quadrilateral, 

axisynmetric ring elements as shown on Figure 8-8. Because only the 
lateral flexural stiffness of the shaft . key was considered in the 

finite element model, and not its longitudinal flexural stiffness, the 
analysis provides conservative results. Also for conservatism, the 

shrinkage effect of the concrete was not taken into account in this 

analysis. 

An inner element of the model, shown on Figure 8-8, represents a 

segment of the concrete key. In order to simulate the time interval 

between shaft excavation and concrete placement for the key, this 

element was not tied to the surrounding salt deposits. All 

depth-dependent input va 1 ues, such as overburden stresses. were 

computed for a depth of 892 feet, low in the key, where such values are 

at a maximum. Because halite is the most dominant material in the rock 
around .the shaft key, its properties were used for the mode 1 e 1 ements . 

Halite is also the material at the base of the shaft key where lateral 

pressure is at a maximum. 

The following analytical procedure was used to perfonm a creep analysis 

of the waste shaft key: 

(1) Initially, lateral forces were applied outwardly against the 

inside surface of the shaft. This si•lates the condition 

prior to excavation of the original 6-foot diameter shaft. 

(2) lateral forces were · applied inwardly against the outer ., 
vertical boundary of the model. The magnitude of these 

forces were based on the lateral earth pressure, equal to 892 

feet of overburden, computed for the key elevation of 2517 

feet. 
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(3) Internal stres·ses were applied in each element to represent 

the initial lithostatic stress state • 

(4) All nodes of the model were restrained against vertical 
displacement. 

(5) Subsequently, outward lateral forces against the inside 
surface of the shaft were removed to simulate excavation of 
the original &-foot diameter shaft. 

(6) A creep analysis was performed on the salt deposits 
surrounding the 6-foot diameter shaft until that time when 
the shaft diameter was enlarged and the concrete for the key 
was placed (795 days). 

(7) The three innermost ring elements were detached (tie 
constraints removed) from . the model to represent · the 
enlargement of the shaft. A concrete ring element · (tie 
constraints added to the model) then replaced the three salt 
elements just removed to model the concrete key. 

(8) A second creep analysis was performed using this new model 
and a creep time representing 28 years after placement of the 
concrete key. 

The stratigraphy in the upper section of the waste shaft is similar to 
that in the C & SH shaft. The creep parameters determined from in 
situ salt behavior in the C & SH shaft were, therefore, assumed to be 
valid for correlating analytical results of the waste shaft from 
normalized ti111e to real time. The secon~ary creep parameter C was 
found ~o equal 5.70x10-21 ksf-4. 9 sec-1• Because early in situ 
measurements were not aviilable for the C & SH shaft, the primary 
creep parameters A and z were determined from in situ data from the 
horizontal drifts and were found to be 3.2 and l.lxl0-7 sec-1, 

respectively • 
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Seeoaqe Evaluation. The structural integrity of the shaft key 1s not 

totally dependent upon salt creep. The stability of the key, and 

consequently the shaft liner, can be compromised by water dissolving 

. the salt surrounding the key. Water is prevented from seeping from the 

upper water-bearing zones down into the salt around the key primarily 

by two chemical water seals. The key configuration, including the 

seals, is described in Chapter 3. 

The number of piezometers .in the key are not sufficient to conclusively 

support an evaluation of seepage. However, the distribution of water 

pressure behind the .liner and key provides an indication that there is 

probably no hydraulic continuity along the rock/liner interface. This 

is especially evident at the lowermost water-bearing zone at a depth of 
717 feet ( e 1 ev. 2692 feet). Here, water pressures are over l 00 psi. 

The next lower level of piezometers, at a depth of 758 feet (elev. 

2651 feet), also indicate pres$ures of about 100 psi. However, the 

lowest level of piezometers, in the shaft key, reflect pressures of 
less than 25 psi. 

The telltale drains in the waste shaft key could not be located during 

the July 1986 inspection. Assuming they were constructed as designed, 
they may be covered by a thin veneer of concrete fon~ed during concrete 

placement. A seep was noted on one side of the shaft at the 

approximate design level of the telltales. Inspection of the base of 

the key deten.1ned that no water was seeping from behind the key. Thts 

indicates that ground water is not bypassing · the lower water sea 1 
between the key and the surrounding halite. 

8.3.2.3 Unlined Section 

The structural behavior of the unlined section of the waste shaft was 
also computed by a nonlinear creep analysis using the MARC Finite 

E.lement Progru (ref. 6-8). The objective of the analysis was to 
compute the actual structural behavior by utilizing applicable in situ 

data from the C ' SH shaft and the hori zonta 1 drifts, and to verify 
the design adequacy of the unlined section. of the shaft. 
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Model Simulation. The finite element model used for the unlined 
section of the waste shaft utilizes a single horizontal row of 70 
quadrilateral axisyanetric ring elements. The model, shown on Figure 
8-9, has its upper and lower horizontal boundaries restrained against 
vertical movement and a constant uniform lithostatic pressure, equal to 
2,059 feet of overburden, applied to its outside vertical boundary. 
The same 1ithostatic pressure was initially applied to the inside 
vertical boundary as well; however .. that pressure was ·later removed 
from the inside boundary to simulate the drilling of the original 
6-foot diameter shaft. 

The analysis simulates the salt creep until that time when the 6-foot 
diameter shaft was enlarged to its present 20-foot diameter. The shaft 
enlargement was simulated in the model by removing those ring elements 
that were located within the 20-foot diameter shaft opening. With the 
enlarged shaft configuration, simulated salt creep for another 28 years 
was analyzed. 

• 

Determination of Creep Parameters. Because the ·stratigraphy beneath • 
the WIPP site is fairly uniform, the values of the creep parameters for 
the unlined section of the waste shaft were assumed to be identical to 
those values calculated at the corresponding elevations of the C ·' SH 
shaft. In addition, the C & SH shaft was drilled at a much earlier 
date than was the waste shaft; therefore, more in situ geomechanical 
instrument measurements were available for the c ' SH shaft. The 
values of the creep parueters for the C & SH shaft were determined 
by correlating analytical results with extensometer readings obtained 
from a depth of 2,057 feet (elev. 1353 feet) in the shaft. The creep 
parameters c. A and z for the C ' SH shaft were found to be 

1.30xl0-~1 ksf-4. 9 sec-1• 3.2 and l.lxl0-7 sec-1, respectively. Chapter 
7 presents specific details on how the creep parameters were evaluated 
for the C ' SH shaft. 
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8.3.2.4 Shaft Station 

The analysis of closure and stability of the waste shaft station is 
based upon closure measurements in the C & SH shaft station. This is 
due to the limited amount of geomechanical instrumentation data 
available from the waste shaft station for the reasons discussed in 
subsection 8.3.1. The following discussion presents a brief comparison 
of the two shaft stations. 

The waste shaft station cross-section dimensions are 15 feet high and 
30 feet wide. These dimensions are comparable to those of the C & SH 
shaft station. However, the C & SH shaft station was excavated by 
drilling and blasting while the waste shaft station was excavated using 
a mining machine. The density of rock bolts in the roof of the 
c & SH shaft station is much greater than that in the waste shaft 
station. Also, the roof of the C & SH shaft station close to the 
shaft is approximately 3 feet below clay 6, while clay 6 at the waste 
shaft station is nearly 8 feet above the roof. Thus, closure analysis 
of the waste shaft station using measurement data from the C & SH 
shaft station will be conservative. 

The dimensions of the waste shaft station are also comparable to those 
of the test rooms and storage rooms. Computational analysis of the 
storage rooms (Chapter 12) predicts that failure will .occur in MB-139, 
below the floor, due to gradual . stress buildup. Similar· behavior is 
expected to occur in MB-139 beneath the waste shaft station. 

8.3.3 Prediction of Future Behavior 

This subsection presents predictions of future behavior for the various 

elements of the waste shaft including the lined section, the shaft key, 
. ~ 

the unlined section and the shaft station. 

8.3.3.1 Lined Section 

The cracks in the concrete-lined section of the shaft are primarily the 
result of normal tension cracking occurring during the restrained 
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shrinkage of plain concrete. The cracks are not detrimental to the 

liner's structural integrity but sealing by grouting will be required 

to meet the design criteria regarding ground-water control. 

Although the rate of water flowing into the waste shaft has been minor, 

the total volume of flow has resulted in the lowering of the 

potentiometric surface around the shaft. Other activities have also 

affetted the potentiometfic level in the vicinity of the shafts. Most 

notably, SNL pumping tests in borehole H-3 in late 1985 lowered the 
potentiometric surface approximately 40 feet (A.R. Lappin, SNL, 

personal coanunication). Due to the unknown effect of current and 
future hydrologic studies at the WIPP. it is difficult to predict the 
magnitude of future water pressure on the liner. However, two 

statements can be made concerning this water pressure: 

(1) The piezometer data present a valid indication of water 

pressures . behind the liner •. Although this data cannot be 
used for predicting future pressures, continuous monitoring 

of these instruments will reflect current pressures and 
indicate short-ten. trends. This infon.ation can be compared 
with the design basis pressure distribution (Figures 8-6 and · 

8-7) to evaluate liner stability. 

(2) Following the next grouting program in the waste shaft, if 

a l1 water seepage through the 1i ner has been stopped. it is 

possible that the potentiometric surface could return to its 

highest level deten.ined during preliminary design 

activities. Assuming complete hydraulic continuity behind 

the liner, this condition would result in a pressure 

~ distribution equal to that of the hydrostatic pressure used 
for liner design. This condition would be within the design 

liaits. 

8-30 

• 

• 

• 



• 
I 
I 

• 
\ 
\ 

. ~ 
.I \ 

• 

--... 

.. ... . 

.. ... 

... 

0 ... 

-

-

.. 

-

~ ~ ~ IIJ 1101 
! _\ 

.-na u-oz cu iNlaur 

I I 
U'IMS GmWIG u-t 11J IIOUYA~ 

nz cro 

8-31 

z = -.... 
u 



8.3.3.2 Shaft Key 

F1gure 8-10 shows the pred1cted · lateral pressure curve for the concrete ~ 
key based on the f1nite element analysis. The key was designed as a 
compression cylinder in accordance with the strength design method for 

reinforced concrete (ref. 7-5) using an ultimate hoop stress of 4.25 
ksi (0.85 f'c>· Using the design basis load factor of 1.7 for 

lateral loads. the maximum allowable hoop stress in the concrete key is 
2.50 ksi. which results in an allowable lateral rock pressure of 148 
ksf based on the ·diameter of the key. The design basis lateral 
pressure design requirement is approximately 60 ksf. Figure 8-10 shows 
a lateral pressure on the shaft key of approximately 72 ksf at the end 
of the 25-year shaft operating life. If the shrinkage and creep 
properties of the concrete were taken into account in the finite 
element analysis. the lateral pressure would actually be less than 72 
ksf at 25 years. 

The reinforced concrete of the shaft key is expected to exhibit cracks 
due to shrinkage. These are tensile cracks due to the reinforcement ~ 

restraining the concrete from shrinking. The cracks are not considered 
significant because they are common to most reinforced concrete 
structures. 

8.3.3.3 Unlined Section 

Figures 8-11 and 8-12 show the radial and tangential (hoop) stress 
distributions relative to the overburden stress for different times in 
the unlined section of the waste shaft. Figure 8-11 shows the zone 
around the shaft opening where radial stresses are affected and 
indicates a decrease in magnitude over time. The computational results 
depicted "On Figure 8-12 indicate that tangential stresses are only 
affected within a radius of approximately 120 feet. 

Figures 8-13 •nd 8-14 show the effective stress and effective- creep 
strain distributions in the unlined section of the waste shaft. The 
effective stress in the shaft wall at 25 years is approximately 140 ksf 
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EFFECTIVE STRESS DISTRIBUTION AT ELEVATION 1350 ~EET 
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. WASTE SHAFT UNLINED SECTION 
EFFECTIVE CREEP STRAIN DISTRIBUTION AT ELEVATION 1350 FEET 

8-36 

• 

• 
120 

•• 



-• \ 
... 

\ 
N 

-
\ I 

N 

' I .. 
\ 

N 

\ 
N 

t-
Wool 
Wool 

\ 
N .u. 

= .., 
z t") =--

• 
\ 

... 

\ 
-

\ -

~ 
t-Z 
~= w-... V) t-c 

~ < ... ==-liC ww 
Ill Z..l 

i -w _, 
... Zt-

... =< 
~ t-Z 
~ U.Q 

c:-; =~-
V)~ 

~ 

\ 
... ' -d WCI 

1-W 
V)Q: 
CA. 
3 ..., 

= = 

\ 
. V) 

= _, 
u 

\ 
~ \ 

, 

..._.u« .. ~~ 

• UfttS OBWIG .u-t JIJ MDUYAw=J 

n 0"0 

8-37 . 



Wh11e the effective creep strain in the shaft wall at 25 years reaches 

a value of approximately 0.037. 

Figure 8-15 contains the prediction of diametric closure : for tbe 
unlined section of the waste · shaft at a depth of 2.059 feet ( elev. 
1350 feet). This figure shows a diametric closure of approximately 7 
1/2 inches over the 25-year operating life of the shaft. 

8.3.3.4 Shaft Station 

Closure in the waste shaft station is predicted using measurement data 
from the c ' SH shaft station. The measured roof-to-floor closure in 
the. c ' SH shaft station was approximately 10 inches on September 16. 
1985. over 3 years after the completion of excavation. The measured 
wall-to-wall closure is greater than 6 inches over the same time 
period. However. the initial readings were taken nearly 260 days after 
the . statio~ was excavated; therefore. the actual closure magnitudes 
will be higher. The average rate of roof-to-floor closure over the 
measurement period was approximately 3.89 inches/year. Using this 

• 

value as a constant closure rate over the plant operating life of 25 • 
years. an additional roof-to-floor closure of about 8 feet is expected 
to occur. The wall-to-wall closure over the same period is expected to 
be approximately 60 percent of the roof-to-floor closure. or about 5 

feet. Actual closure may be lower as discussed in subsection 8:3.2.4. 

8.4 CONCLUSIONS AND RECOMMENDATIONS 

Design validation requires an assessment of the compatibility of the 
design criteria. design bases and design configurations used for the 
reference design. The following conclusions and reconaendations 
address those design elements identified in Section 8.2. Other 

~ . 
conclusions and recaaaendations resulting from the design validation 
process are also presented. 

8.4.1 Conclusions 

The design criteria require that all of the shafts are !o be stable. 
Shaft stability has been evaluated using analytical calculations. • 
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finite element modeling and in situ data analysis. The shaft liner is 

considered stable because the water pressure exerted on it has remained 

significantly below the design hydrostatic pressure. If the water 

pressure increases to . the design hydrostatic pressure. as may be 

expected if the leaks are sealed by additional grouting, liner 

stability w111 not be compromised. The pressure capacity of the liner 

sufficiently exceeds the design hydrostatic pressure. 

Based on existing evidence. the cracks in the liner and key do not 

present a structural problem. The unreinforced concrete liner is 

expected to function as intended. provided that the existing cracks and 
construction joints are grouted and contact grouting is performed at 

the rock/lirier interface. Consolidation grouting of the surrounding 
rock may also be necessary to achieve a· dry shaft. 

The shaft key was designed to withstand a design basis lateral pressure 

equal to 50 percent of the overburden pressure (approximately 60 ksf). 

The finite element analysis detenmined that the lateral pressure on the 

key at the end of the facility operating life will be approximately 72 

ksf. Although this value is higher than the design lateral pressure. 

the key is expected to remain stable throughout its operating life 

because the allowable lateral rock pressure is 148 ksf. This is twice 

the lateral pressure predicted and provides a sufficient margin of 
safety. Furthermore. if the shrinkage . and creep properties of the 

concrete were taken into account in the analysis. the lateral pressure 

would be less than 72 ksf. 

The analytical results for the waste shaft. presented in Section 8.3. 

show the calculated redistribution of stresses around the shaft due to 

the effetts of creep. Based on the computed vertical. horizontal and 

effective stresses 1n the unlined section. the raagnitude of stresses 

immediately adjacent to the opening decreases with time as . the stress 
arch around the opening migrates away. The maxiiiiWII stress occurs 
immediately after excavation and is followed by relaxation due to creep 

behavior. Therefore. the stresses will not cause a future stability 
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problem 1n the waste shaft except in the anhydrite bed (MB-139) below 

the floor of the shaft station. 6radual buildup of stress in this bed 
may result in floor heave and fracturing. 

The analysis shows the locations of effective creep strain 
concentrations for selected times in the unlined section. Based on 
these predicted values of effective creep strain and the strain limit 
discussed in Chapter 6. the waste shaft will ~in structurally stable 
over its planned 25-year operating life. 

The analysis predicts that diametric closure in the unlined section of 
the waste shaft will be approximtely 7 1/2 inches over its 25-year 
operating life. Based on the predicted deformations and closur~s. the 
waste shaft will meet the requirements stated in the design criteria 
and the 20-foot diameter unlined section will provide sufficient 
operating clearance to allow for salt creep. 

The design criteria requires that no uncontrolled ground water reach 
the facility level via the shafts. The majority of water seeping 
through cracks and construction joints in the liner is collected in 
three water-collection rings and directed to the underground facility 
where it · 1S disposed. Only minor amounts of uncontrolled fly water 
reach the facility level. This water has a negligible impact and does 
not affect validation of the criterion regarding ground water reaching 
the f .ac ili ty 1 eve 1. 

Shaft inspections have determined that only one minor seep occurs in 
the key and that no water seepage occurrs fr011 the base of the key. 
This supports the conclusion that the water seals are functioning, that 
no wate~ is seeping along the concrete/salt interface, and that no salt 
dissolution is occurring behind the concrete key. The installation 
technique for the waste shaft water seals was improved over that used 
for the C 'SH shaft water seals (Chapter 3). 

The zone of dissolution observed in the shaft sump wall is not 

• 

• 

considered to be detrimental to the operation of the facility. The • 
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material was dissolved differentially by standing water in the sump 

resulting from construction activities. It is not the result of any 

geologic discontinuity or process. This zone will not produce any 
structural problems in construction of the waste shaft facilities. 

The waste shaft station is expected to undergo roof-to-floor closure at 

a rate of 3. 89 1 nches/year. However. this rate has been obtai ned by 
using the C & SH shaft station instrument data. The actual closure 
rate may be lower. Additional heav~· and ·fracturing in the salt beneath 
the f 1 oor. as we 11 as in MB-1 39. is expected ··to occur. Some remed i a 1 

work will be required to maintain the required roof-to-floor clearance 

for operational equipment and activities. 

The reference design for the waste shaft is considered to be validated 
in accordance with the objectives of the design validation program 
based on the analyses. evaluations and ·predictions of future behavior 
presented in this chapter. With one exception. the waste shaft 
reference design complies with the design criteria and the design 

bases. The criterion tha.t stipulates that shaft 1 iner design sha 11 

prevent ground-water flow into the shaft has not been met. The rate of 
.water currently seeping into the waste shaft 1s not considered to be 

detrimental to the stability of the shaft or to its functional 
purpose. However. the criteria will be satisfied when additional 
remedial grouting has been performed. No modifications to the shaft 
reference design will · be required. 

8.4.2 Recommendations 

Based on the results of design validation. the following 

recommendations with respect to the waste shaft are made: 

(1) Due to the limited in situ data base. validation of the waste 

shaft key and unlined section relies on numerical modeling 
utilizing creep parameters derived from the C & SH shaft in 
situ data. It is reconmended that the modeling be repeated. 
prior to the first receipt of waste. using the latest in situ 
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data froa the waste shaft. This analysis should be repeated 
periodically for comparison and verification of in situ data • 
against design parameters. 

(2) &routing should be performed to completely seal the waste 
shaft liner. This should include contact grouting behind the 
liner and grouting of shrinkage cracks and construction 
joints. Consolidation grouting may also be required. 
Qualified personnel should inspect the shaft at regularly 
scheduled intervals. The liner should be checked for leaks 
after grouting has been completed. The key should be checked 
for water seeping from behind the key at its base. If any 
seepage 1s detected it may become necessary to grout the area 
above the upper water seal. If possible, grout should not be 
placed behind the key below the upper seal. However, should 
grouting behind the key become necessary, the grout must be a 
chemical gel (or other non-rigid grout) and must . be 
cOIIIPatible with both the existing ·water seal 111terial and 
with the requirements of the Plugging and Sealing Program. 

(3) The dissolution zone in the waste shaft sump should be filled 
with a salt-compatible cement mortar. 

(4) Because waste shaft station closure is based on C & SH 
shaft station data, and b~cause of the importance of the 
waste shaft station in general, vertical convergence points 
or meters should be installed at selected locations and 
•asurements taken periodically. These data should then be 
analyzed to obtain better estimates of station closure. 

~· 
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9.1 INTRODUCTION 

CHAPTER 9 
EXHAUST SHAFT 

This chapter presents information on design validation of the exhaust 
shaft. Included are discussions of its design, the design validation 
process, and conclusions and reconnendations pertaining to validation 
of the reference design. 

9.2 DESIGN 

This section presents the design criteria and des~gn bases used to 
develop the reference design for the exhaust shaft. The design 
configuration of the shaft is discussed in Chapter 3. subsection 3.3.3. 

9.2.1 Design Criteria 

The design criteria for the exhaust shaft are identical to those for 
the other two shafts. The criteria requiring validation are indicated 
in the listing of abridged criteria presented in Chapter 2. Table 2-1 • 
and are discussed in Chapter 7. 

The design criteria requiring evaluation for design validation of the 

exhaust shaft are: 

(1) shaft shall be designed to be structurally stable; 

(2) shaft shall be designed to accommodate salt creep; and 

(3) ground-water flow into the shaft shall be controlled. 

_, 

9.2.2 Design Bases 

The design bases are the detailed design requirements developed from 
the design criteria. The primary design basis document for the exhaust 
shaft is the Design Basis, Exhaust Shaft (ref. 2-16). The major 
elements of the design bases are the same as those for the waste shaft • 
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except for th~ items discussed in the next paragraph. The elements 
that require evaluation or that have a direct impact on design 
validation are presented in Table 9-1. 

In addition to adhering to the design basis elements discussed 
previously for the waste shaft. the exhaust shaft shall be designed to 
connect the facility level with the exh•ust filter building at the 
ground surface. The exhaust shaft shall be used to remove air from the 
underground development level during construction and storage 
operations. The entire shaft shall be inspected utilizing a 
closed-circuit television camera that shall be lowered from the top of 
the shaft. Unlike the design bases for the other two shafts. the 
exhaust shaft design basis does not require the installation of 
geomechanical instrumentation. 

9.3 DESIGN VALIDATION PROCESS 

As discussed in Chapter s. design validation of the exhaust shaft has 
been achieved by data collection. its analysis and evaluation. and the 

• 

prediction of future behavior. Data collection activities have • 
included geologic mapping and visual observations of the exhaust shaft 
wall. Although geomechanical instruments have been installed in the 
shaft. no data was available for design validation due to the late date 
of installation. 

Computational analyses for the exhaust shaft were performed in the same 
· manner as those for the waste shaft. The finite element analyses of 

the shaft key and unlined section used the material parameters for salt 
obtained fro~~ the C ' SH shaft and horizontal drift analyses. The 
results of the analyses were then used to predict future behavior • 

.. 
9.3.1 Data Collection 

Data collection in the exhaust shaft was on a much smaller scale than 
1n the other two shafts. Geologic mapping was conducted in the shaft 
to verify the stratigraphy. This mapping 1s discussed in detai 1 in 
Chapter 6. Visual inspections and observations in the shaft were 
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Table 9-1 

VALIDATION ELEMENTS OF EXHAUST SHAFT DES16H BASES 

(1) Shaft liner 

Hydrostatic pressure should be considered to start at 250 feet 
below the ground surface and extend to the top of the key. 

(2) Shaft key 

Design lateral pressure shall be 50 percent of the vertical 
pressure due to soil, rock and salt overburden. 

(3) Unlined section 

Provide 15-foot diameter to allow for future salt creep 
deformation • 

· ~ 
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sporadic due to limited access. The fo11ow1ng discussion presents 

those observations which affect design validation. • 

9.3.1.1 Field Observations 

Exhaust shaft construction was CDftiPleted on January 15, 1985. Initial 

of the lined section of the shaft was performed on January 30, 1985. 
At that time water seepage through cracks and construction joints in 

the 1 iner was observed. Seepage into the shaft was measured at 0.35 
gallons per minute (gpm). 

Subsequent inspections of the exhaust shaft ·liner were made in February 

and May 1985 to observe its condition and to evaluate the need for 

grouting to . reduce water seepage. The first occurrence of moisture on 

the liner was observed 25 feet below the shaft collar. The majority of 
water seepage was occurring between approximate depths of 569 feet and 

759 feet ( elev. 2840 feet and 2650 feet). Below a depth of 759 feet 

the entire shaft liner was wet. llllking it difficult to detemine the 

exact source of seepage. SOlie sa 1 t accumu 1 at ion was observed on the 

liner below the Culebra water•bearing member. The May 1985 inspection 

generally revealed a 1/4- to 3/8-inch thickness of salt incrustation in 
this area with some local accumulation up to 4 inches in thickness. 

Salt accumulation at ·two telltale drain holes, at a depth of 857 feet 

(elev. 2552 feet) on the northeast and east sides of the shaft key, had 

resulted in the almost complete plugging of these holes. The six other 

drain holes had a1nor salt accumulation. The bottom of the key had 

salt stalactites hanging fro~~ the concrete but no flow of water under 

the concrete was observed. There was no evidence of any dissolution of 
. salt at the concrete/salt contact • .. 

A ce~~ent/chem1cal grouting program was conducted in the exhaust shaft 

from June 1 through July 31, 1985. An inspection of the exhaust shaft 

liner was made on July 30. 1985. The riner was appreciably drier than 
it had been prior to grouting, especially below the Culebra· member. 

• 

One collar pipe. for future piezometer installation at a depth of 616 • 
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feet {elev. 2793 feet), was weeping and one pipe, at a depth of 722 

feet (elev. 2687 feet), was dripping. This water constituted the 

majority of the total seepage into the shaft. Weeping from random 

cracks above a depth of 617 feet appeared to be of the same magnitude 

as before ·grouting. The water ring at the base of the shaft key was 

relatively dry. New telltale drain holes at a depth of 870 feet (elev. 

2539 feet) were all dry. Several of the original drain holes, at 

857 feet, ·and several new holes. at a depth of ass feet (elev. 2554 

feet), were weeping slightly. No evidence of seepage at the concrete 

key/salt contact was observed. The grou~ing program reduced water 

seepage into the exhaust shaft to an essentially non-measurable 

quantity. 

Cursory inspections of the exhaust shaft made during the installation 

of geomechanical instruments in November and December 1985 indicated no 

appreciable change in the condition of the shaft liner since the July 

1-985 inspection. 

A second grouting program was ·conducted in the exhaust shaft during 

August, September and October, 1986. The program was performed at this 

time to reduce the possible need for grouting in the future when shaft 

access will be limited. The grouting was conducted on a smaller scale 

than in the earlier program. It consisted of injecting grout through 

existing sleeves from the top of the salt in the key are to the top of 

the Magenta member. 6rout1ng was also perfonned, as required, above 

the Magenta through sleeves in the liner. The results of the grouting 

were not available at the time of publication of this report. 

9.3.1.2 6eomechanical Instrumentation 

· The original exhaust shaft design ·contained no provision for the 

installation of geomechanical instrumentation based on the assumption 

that rock behavior would be similar to that in the waste shaft. 

However, it was subsequently decided that geomechanical instrumentation 

should be installed to obtain shaft-specific behavior information for 

later use in the shaft sealing program • 
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Instrument locations 1n the exhaust shaft were based on waste shaft 

instrument locations. Twenty-one piezometers, 4 pressure cells and 9 
extensometers have. been installed in the exhaust shaft. The instrument • 
installation was completed on December 27. 1985. 385 days after the 
completion of shaft excavation. All exhaust shaft instruments are 
monitored remotely by the datalogger. 

9.3.2 Analysis and Evaluation 

The ana 1 ys is and eva 1 uati on of the 'Constructed exhaust 
performed using direct observation data and 
instrumentation readings from the C ' SH and waste 

shaft has been · 
geomechanica1 

shafts. This 
analysis and its evaluation against reference design parameters was 
performed for the three major sections of the shaft: the lined section; 
the shaft key; and the unlined section. 

The adequacy of the exhaust shaft reference design was evaluated based 

on a complete spectrum of geomechanical behavior including stress. 
strain and defonaation over the planned operating 1 ife of 25 years. 
The analyses used creep parameters computed from the C ' SH shaft and • 
the 8 x 25-foot drifts as well as hydrostatic pressures from the waste 
shaft. 

9.3.2.1 Lined Section 

Analyses were performed for the unreinforced concrete liner in the 
exhaust shaft. However. because no instrumentation data from this 
shaft were available, the analyses were based on data obtained from the 
C ' SH and waste shafts. 

The structural analysis and design of the exhaust shaft were performed 
~ . 

using engineering mechanics principles and design bases similar to 
those used for ~he waste shaft as described in Chapter 8. For example. 
both axial and flexural stresses were considered · in the design of the 
concrete liner, with permissible stress values taken as those used for 
structural unreinforced concrete (ref. 8-1) utilizing the ultimate 
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strength design method. Loads considered in the design of the concrete 

liner included a hydrostatic pressure assumed to 
250 to 844 feet; a grouting pressure equal 
ground-water pressure acttng over one-sixth of the 

act from a depth of 
to 1.3 times the 

circumference of the 

1 iner; and stresses due to an fnitia 1 imperfection of 1 inch in the 
roundness of the liner. Since there is no major salt strata 
surrounding the liner, no significant creep will occur and rock 
pressures against the liner were assumed to be negligible. 

Based on its finished dimensions. the computational results show that 
the external pressure capacities and corresponding closure limits 
(maximum diametric changes) for different thicknesses of the exhaust 

shaft 1 iner are: 

Liner Pressure Closure 
Depth Thickness Capacity Limit 
(feet) (inches) (psi) (inches) 

15 to 500 10 320 0.140 
500 to 140 14 513 0.175 
740 to 844 . 16 611 0.190 

Since no measurements of the finished liner diameter were taken during 
~onstruction, the actual closure is not available for comparison. 

Figure 9-1 shows the relationship between the hydrostatic design 
pressure and the pressure capacity of the liner. The hydrostatic 

·pressure is identical to that used for design ·of the waste shaft. 
Because the exhaust shaft liner also has water seeping through cracks 
and construction joints, the hydrostatic pressure is expected to behave 
in the same manner as discussed for the waste shaft in Chapter B. That 
1s, the design hydrostatic pressure is not expected to be reached until 
the shaft liner is completely sealed. When the design hydrostatic 
pressure is reached, the liner will have a factor of safety greater 
than two, based on the liner pressure capacity . 
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9.3.2.2 Shaft Key 

The exhaust shaft key was designed to withstand a lateral pressure 

equa 1 to 50 percent of the verti ca 1 overburden pressure or about 60 

ksf. A ·nonlinear finite element analysis. similar to that perfonned 

for the waste shaft key described in Chapter 8. was used to simulate 

the long-tenn creep interaction of the salt and the concrete key. The 

creep behavior of the salt was simulated using a power law (equation 

C.4-6 in Appendix C). For conservatism. the shrinkage effects and 

creep of the concrete were not taken into account in the analysis. 

Model Simulation. The finite element model for the exhaust shaft key . 
and. surrounding salt consists of a single layer of quadrilateral 

axisymmetric ring elements as shown on Figure 9-2. An inner element of 

the model represents a segment of the concrete key; however. this 

element is not tied to the surrounding salt deposits until that time 

when the concrete fer the . shaft key is actually placed. All depth 

dependent input values. such as overburden stresses. initial 

lithostatic state. etc •• were computed based en a ·depth of 891.5 feet • 

lew in the key. where such values are at a maximum. Halite is the 

prevalent material present at the base of the shaft key and its 

properties were used for the parameters modeling the salt deposits 

surrounding the key. 

The analytical procedure used to perform the creep analysis for the 

exhaust shaft key was similar to that used fer the waste shaft key 

ana.lysis described in Chapter 8. However. in ·the finite element model 

fer the exhaust shaft. the key diameter was enlarged to 21 feet with a 

finished inside diameter of 14 feet. 

9.3.2.3~ Unlined Section 

The structural behavior of the unlined section -of the exhaust shaft was 

also computed using the MARC Finite Element Program discussed in 
Chapter 6. The analysis computed the actual structural behavior by 

utilizing applicable in situ data from the C • SH shaft and the 

horizontal drifts • 
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Model Simulation. The finite element model used for the unlined 

section of the exhaust shaft utilizes a single horizontal row of 70 

quadrilateral axisynnetric ring elements. The model, shown on Figure 

9-3, has its upper and lower horizontal boundaries restrained against 

vertical movement and has a constant lithostatic uniform pressure, 

equal to 2,066 feet of overburden, applied to its outside vertical 

boundary. The same lithostatic pressure was in~tially applied to the 

inside vertical boundary; however, that pressure was later removed from 

the inside boundary to simulate the dri 11 ing of the 6-foot diameter 

pilot bore. 

The analysis simulates the salt creep until that time when the 6-foot 

diameter hole was enlarged to its present 15-foot diameter. The shaft 

enlargement is simulated in the model by removing those ring elements 

which are located within the newly-excavated 1 5-foot diameter. With 

the enlarged shaft configuration, simulated salt creep for another 25 

years was analyzed • 

Determination of Creep Parameters. Since the stratigraphy surrounding 

the c & SH shaft is similar to that surrounding the exhaust shaft, 

the creep parameters determined from the in situ salt behavior in the 

C & SH shaft were assumed to be valid for correlating analytical 

results for the exhaust shaft from normalized time to real time. The 

secondary creep parameter C for the C ' SH shaft was found to equal 

5.7ox10-Zl '-sf-4. 9 sec-1• Si 1 · · ~~.. nee ear y 1 n s 1 tu measurements were 

not available for the C & SH shaft, the primary creep parameters A 

and z were determined from in situ data from the horizonta 1 drifts ar•d 
. -7 -1 

were found to be 3.2 and l.lxlO sec , respectively. 

Chapter ·? presents specific details on the computation of the secondary 

creep parameter C from the C & SH shaft. Chapter 10 presents the 

computation of the primary creep parameters A and z from the drifts . 
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9.3.3 Prediction of Future Behavior 

Th1s subsection presents the results of the analysis and evaluation of 
the exhaust shaft. Predict\ons of future behav-ior for the 1 ined 
section, key and unlined section are discussed. 

9.3.3.1 Lined Section 

The cracks ir. the concrete liner of the exhaust shaft are primarily 
tension cracks formed during restr.ained shrinkage we described in 
Chapter 8 with respect to the waste shift liner. These are neither 
unusual nor unexpected. Grouting of ~he cracks, as well as the leaking 
construction joints. will be required to meet the design criteria 
regarding ground-water control. 

As discussed in Chapter 7. subsection 7.3.3.1, there is no reason to 
expect that the potentiometric surface at the WIPP site will exceed the 
design basis depth of 250 feet below the ground surface over the 
operating life of the facility. In the future, the recently installed 
piezometers will permit monitoring of the actual water pressure on the 
liner. Even if the water pressure rises to the design pressure, the 
pressure capacity of the liner will provide a sufficient margin of 
safety. 

9.3.3.2 Shaft Key 

The elapsed time from the drilling of the &~foot diameter pilot bore to 
its widening to 21 feet in the key area and construction of . the 
concrete key was approximately 316 days. Figure 9-4 shows the 
predicted lateral pressure curve . for the concrete key based on the 
finite element analysis. The key was designed as a compression 
cylinder"' in accordance with the strength design method for reinforced 
concrete (ref. 7-5) using an ultimate hoop stress of 4.25 ksi. Using a 
load factor of 1.7 for lateral loads, the maximum allowable hoop stress 
in the key is 2.50 ksi. This hoop · stress results in an allowable 
lateral rock ·pressure of 154 ksf based on the diameter of the key. 
Figure 9-4 shows a lateral pressure on the key of approximately 72 ksf 
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at 25 years. Although higher than the design basis lateral pressure of 

60 ksf. this value is about 50 percent of the allowable lateral 

pressure. In addition. the lateral pressure would actually be less 

than 72 ksf if concrete shrinkage and creep were taken into account in 

the finite element analysis. 

Although no shrinkage cracks have been found in the reinforced concrete 

in the key. their presence would not be unexpected. They are common to 

most reinforced concrete structures and should not be of major concern. 

9.3.3.3 Unlined Section 

Figures 9-5 and 9-6 show predictions for radial and tangential (hoop) 

stress distributions relative to the overburden stress at different 

times for the unlined section of the exhaust shaft. Figure 9-5 shows 

the zone around the shaft opening where radia 1 stresses are affected 

and their decrease in magnitude over time. The computational results 

indicate that tangential stresses are affected only within a radius of 

approximately 120 feet • 

Figures 9-7 and 9-8 show predictions of the effective stress and . 

effective creep strain distributions in the unlined section of the 

exhaust shaft. The magnitude of the effective stress in the shaft wall 

at 25 years approaches 140 ksf while the effective creep strain reaches 

a value of approximately 0.037: 

Figure 9-9 shows approximately 6 inches of diametric closure in the 

unlined section of the exhaust shaft at a depth of 2.066 feet (elev. 

1343 feet) over the 25-ye~r operating life of the shaft~ 

.. . 
9.4 CONCLUSIONS AND RECOMMENDATIONS 

Design validation of the exhaust shaft requires an assessment of the 

compatibility of the design criteria. design bases and design 

configurations . used for the reference design. The foll~wing discussion 

presents conclusions ·and recOIIIDC!ndations regarding validation of the 
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exhaust shaft design as they pertain to the design elements identified 
in Section 9.2. These design elements stipulate the requirements that 

the exhaust shaft . must meet in terms of shaft stability~ deformation, 

water pressure and water control. Other conclusions and 

recommendations that are a product of the design validation process are 

also presented. 

9.4.1 Conclusions 

The stability of the exhaust shaft has been evaluated using analytical 

calculations, finite element modeling and ana lysis of data from the 

c & SH and waste shafts. The conclusions regarding shaft stability 
are .the same as those for the waste shaft. The water pressure exerted 

on the shaft liner is currently less than the design hydrostatic 

pressure. If the hydrostatic pressure increases to its design limit, 

the liner will remain stable because its pressure capacity exceeds the 

design hydrostatic. pressure .bY a factor greater than two. The cracks 

in the liner are not expected to result in any structural instability . 

Analytical results show that the lateral pressure on the shaft key at 

the end of the 25-year operating life will be approximately 72 ksf. 
Although this pressure exceeds the design basis lateral pressure of 

60 ksf, the allowable lateral pressure on the key is 154 ksf, or more 
than twice the predicted lateral pressure at 25 years. This provides. a 

sufficient margin of safety against failure. If concrete shrinkage and 

creep were taken into account in the .analysis·, the margin of safety 

would be even greater. 

The analytical results also show the redistribution of stresses around 

the unlined section of the shaft due to the effects of salt creep. 

Based on·' the computed vertical, horizontal and effective stresses in 
the unlined section, the magnitude of stresses . immediately adjacent to 

the opening decreases and the stress arch around . the opening migrates 

away with time. The maximum stress occurs immediately after excavation 

and is followed by relaxation due to creep behavior. Therefore, the 
stresses will not cause a future stability problem in the unlined 
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section -of the shaft. The analysis shows the locations of effective 

creep strain concentrations at different times around the opening in 

the unlined section. Based on the predicted values of effective creep 

strain and the strain 1 imit discussed in Chapter 6, the exhaust shaft 

will remain structurally stable within the limits required for safety 
during its operating life. 

The analysis also predicts that the llilximum diametric closure in the 
unlined section at the end of the operating period will be 

approximately 6 inches. Based on the predicted deformations and 

closures, t.he exhaust shaft will meet the requirements stated in the 

design criteria. The design basis requirement that the 15-foot 

diameter unlined section allow for salt creep over its operating life 

will be met. 

As in the waste shaft, water is entering the exhaust shaft through 

cracks and construction joints in the concrete liner. The amount of 

water seepage was greatly reduced by grouting . conducted after 

• 

construction. The small amount of water still reaching the open shaft • 
quickly evaporates in the upcast flow of exhaust air. While the 

exhaust fans are operating, no water reaches the underground facility 

level. Tht water seals behind the shaft concrete key appear to be 

functioning as intended at the bottom of the key. No water is seeping 

from the concrete/salt interface. . There is no evidence of salt 

dissolution behind the key. 

The reference design for the exhaust shaft has been validated in 

accordance with the objectives of the design validation program, based 
on the analyses, evaluations and predictions of future behavior 

• J 

presented in this chapter. With one exception, the exhaust shaft 
reference design complies with the design criteria and the design 

bases. The criterion that the liner shall prevf!nt ground-water flow 

into the shaft has not been met. However, the water currently seeping 
into the shaft is not considered to be detri~~ental to shaft stability 
or function. 
are required. 

No modifications to the exhaust shaft reference design 
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9.4.2 Recommendations 

Based on the results of design validation. reconmendations similar to 
those for the waste shaft are made for the exhaust shaft: 

(1) Validation of the exhaust shaft key and unlined section 
relied on analysis and modeling using in situ data from the 
C & SH and waste shafts. It is reconmended that the 
numerical modeling be repeated. prior to the first receipt of 
waste. using in situ data from the exhaust shaft 
instrWDents. This analysis should be repeated periodically 
for the comparison of in situ data against design parameters. 

(2) The exhaust shaft should be inspected by qualified personnel 
at regularly scheduled intervals. The liner should be 
inspected for renewed seepage . and grouting performed if an 
amount of water considered s.ufficient to affect the liner's 
stability or functional purpose is observed. The key should 
be inspected for water seeping from. behind the key at its 
base. If any is detected, grout should be injected above the 
top water seal. . Grout should not be placed behind the key 
below the top seal. If this cannot be avoided, the grout 
must be a chemical gel (or other non-rigid grout) and must be 
compatible with both the existing water seal material and 
with the ~equirements of the Plugging and Sealing Program . 
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10.1 INTRODUCTION 

CHAPTER 10 
DRIFTS 

This chapter presents the results of validation of the reference design 
for the underground drifts. Discussions are presented on the reference 
design, data collected from the openings, its analysis and evaluation, 
and predictions of future behavior. Conclusions and reconmendations 
pertaining to the reference design are presented based on the results 

of the validation process. 

The term drifts includes all horizontal underground openings except the 
shaft stations, test rooms, and storage area rooms and their associated 
drifts. Discussions of the shaft stations are presented in Chapters 7 

and 8. Discu.ssions of the test rooms, storage rooms and storage area 
drifts are presented in Chapters 11 and 12. 

The largest drifts planned for the underground facility were initially 
excavated 8 feet high and 25 feet wide. These drifts have been or will 
be enlarged to 12 feet high. The present 12-foot high, 25-foot wide 
drifts were excavated earlier than most of the smaller drifts and, 
therefore, have the longest history of in situ. data collection. 
Because these 12 x 25-foot drifts are the largest to be excavated, they 
also have the most critical dimensions. Consequently, the analyses, 
evaluations and predictions are based· primarily on these larger 
drifts. The smaller drifts and rooms are, therefore, considered to be 
validated as a result of the validation of the larger 12 x 25-foot 
drift reference design. 

10.2 DES16N 

This .section presents the design criteria and design bases used to 
develop the reference design of the drifts • 
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10.2.1 Design Criteria 

The design criteria established for the design of the WIPP underground • 
facility are discussed in Chapter 2 and summarized in Table 2-1. Table 
2-1 presents the major criteria affecting underground design, including 
such 1tems as waste receipt rate, type of waste, backfill requirement, 
etc. Those cr1t~ria requiring evaluation of their suitability for 
design validation are indicated in Table 2-1. The remaining criteria 
contained in the Design Criteria document (ref. 2-7) do not require 
evaluation. 

Three of the indicated criteria pertain directly to the drift reference 
design~ The first criterion states that the underground openings shall 
be designed to provide structurally stable excavations and pillars. 
•stable• is defined in the criteria document to mean that deformations 
of excavations and pillars are to remain within the limits required for 
structural function, ventilation and safety. The second criterion 
states that the underground opening reference design sha 11 provide 
maximum stability for the excavated rooms and drifts. The third 
criterion stipulates that the underground excavation sha 11 be designed 
to accommodate creep closure and maintain the minimum dimensions 
required for the operating life of the opening. Not only are these 
criteria to be evaluated for their suitability, but the reference 
design configurations based on them must also be evaluated. These 
reference design configurations were discussed in Chapter 3. 

10.2.2 Design Bases 

The design bases comprise the second level of the design documents. 
They ~utline specific design requirements that were followed in 

• 

- designing· the final drift configurations. Only those design bases that 
apply directly to the underground drift configurations are discussed in 
this subsection. The Design Bash. Underground Excavations (refs. 2-9 
and 2-18), Design Basis, Underground Shops and · Facilities (ref. 2-20), 
and Design Basis. 6eomechanical Instrumentation (ref. 2-17) should be 
referred to for details of the appropriate design bases used for the 
underground drifts. None of these design bases contained elements • 

10-2 



• 

• 

• 

pertaining spe~ifically to the drifts that required evaluation during 

the validation program. Those bases that required evaluation for 
validation pertain only to the storage area drifts and are discussed in 
Chapter 12. 

The design bases specify that excavation within the shaft pillar area 
shall be the minimum required to meet the operational and safety 
requirements of the waste storage level. The area extraction ratio 
was, therefore, kept below 15 percent in this area. 

The maximum tolerance for excavation of the roof, floor and walls shall 
be plus six inches. In no case shall the finished dimensions be iess 
than those specified by the design. The minimum vertical dimension for 
equipment clearances used to meet this basis was 11 feet. 

Supports for underground workings shall comply with Federal and New 
Mexico codes. The use of rock bolts and wire mesh in specific areas 
shall ·be determined by mine conditions and code requirements. Entry 
roofs, walls and floors shall be checked periodically for loose salt in 
accordance with applicable codes. Methods of locating gas or brine 
accumulations shall be implemented·, such as drilling holes ahead of the 
excavation and testing for the presence of gas. 

A geomechanical instrumentation system shall be installed to provide in 
situ measurement data for design verification or modification and for 
subsequent operational planning. In addition. the instrumentation 
system shall monitor stress change, closure and creep to provide a 
record of the structural stability of . the drifts and to provide early 
warning of abnormal conditions for operational safety. 

' 
Defo~tion measurements in the drifts shall be measured as a function 
of horizontal and vertical closure. salt creep and stress 
distributions around the drifts and at intersections shall also be 
measured • 
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The instrumentation shall provide the primary detection of changes in 

structural behavior. Visual observations shall follow any detected 

abnormal strain, pressure or deformation for evaluation of the safety 

of the underground working places. In addition, a program shall be 

provided for periodic visual inspection of all underground working 

places. 

10.3 DESISN VALIDATION PROCESS 

Validation of the. reference design ·of the underground drifts includes 

the collection of data and the presentation of results based on its 
analysis and evaluation. The results of the design validation process 
are . used to present conclusions regarding the colilpatibil ity of the 

design criteria, design bases and design configurations, and 
reconmendations for modifications, if any. This section presents the 

·data collected and predictions of future drift behavior based on 

analysis and evaluation of the data. 

10.3.1 Data Collection 

• 

Data pertaining to the underground drifts was collected from various • 
sources. 6eologic data was acquired from geologic mapping and core 

drilling. These data verified the stratigraphic continuity at the 
faci 11ty level and are discussed in detai 1 in Chapter &. Data were 
also acquired froaa periodic visual inspections and from geomechanical 

instrumentation. Collection of these . data are described in the 

following subsections. 

10.3.1.1 Field Observations 

Various aspects of underground behavior are evaluated by qualitative 

observations and documentation. Visual inspections of the drifts 

include observations of their general surface conditions in response to 
stress redistribution and creep. These conditions include shallow 
spalls froaa the roof and walls, especially at their intersection; and 
vertical fra~turing in the pillars, both at corners and parallel to the 
walls. In addition to visual inspections, other techniques are used . 
Boreholes are surveyed using video cameras and displacements, 
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separations and fracturing of geologic strata surrounding the boreholes 

are detected using a simple probe. Surveys of underground conditions 

have been performed at 1 east once every 3 months. Each survey is 

documented in a GFDR beginni.ng with the February 1984 edition (refs. 

4-12 through 4-19). 

Recently. a special program was conducted to determine the effect of 

e~cavation induced deformation on the salt strata surrounding the 

faci 11ty level. An array of boreholes was drilled into the roof and 

floor at 30 locations in the drifts and test rooms during May through 

July 1986. These arrays are shown on Figure 10-1. These boreholes 

were used to locate separations and fractures in the halite and 

anhydrite near the horizontal underground openings. This Excavation 

Effects Program was instigated after the discovery of significant 

fracturing beneath the southern half of Test Room 3 (Room T). The 

objectives of this excavation effects study were to determine if 

fracturing of this magnitude has occurred anywhere else and to 

investigate existing conditions at selected localities throughout the 

facility . 

The documented field observations can be separated into four 

categories: roof and wall · spalling; pillar fracturing; roof 

displacements and separations; and floor displacements. separations and 

fracturing. 

Roof and Wall Soa11inq. During and innediate1y after excavation. a 

sounding survey of the roofs of all drifts was performed. Each survey 

identified areas of potential instability. such as drwmny or slabby 
. . 

salt. Remedial work was accomplished immediately and included scaling. 

additiona•l excavation. or rock bolting. Comprehensive sounding surveys 

were also performed in every underground opening in July 1983 and 

November 1984. The behavior of the roof and walls is documented in the 

table entitled •condition of Roof and Walls• in each GFDR • 
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P111ar Fracturing. Vertical fractures have developed in the corners 

formed by drift intersections. These fractures began appearing about 

3 to 6 months after excavation. Site geologists have mOnitored the 

growth of these fractures and have included their observations in the 

GFDRs. 

Vertical fractures parallel to the drift walls have been detected in 

s~v~ral horizontal boreholes. These fcactures were not present at the 

time of drilling. They were first observed in May 1986 and occur 

within 1 to 2 feet of the wall surface. 

Roof Displacements and Separations. Horizontal displacements and 

vertical separations have been detected in some open boreholes in the 

drifts during the past 2 years. Periodic inspections of all accessible 

boreholes in the drifts have been made since September 1985. The 

results of these inspections in the roof holes are presented in 

Table 10-1. 

Visual inspections were conducted directly or remotely using a video 

camera and/or probe. The · probe used was described in Chapter 7. 

subsection 7.3.1.4. Depths to displacements and separations were 

measured with a tape measure. Relative horizontal displacements were 

measured where possible or estimated.·· · · · 

The recently conducted Excavation Effects .Program consisted of dri 11 ing 

numerous arrays of 1 7/8-1nch and 3-1nch diameter holes at selected 

locations along the drifts (Figure 10-1). The holes were drilled 

approximately 9 feet into the roof and floor and inspected using a 

pr:-obe. The results of the inspection of these holes are presented in 

Table lD-2. 

The NllOO and Nl420 drifts were excavated eastward to £1680 in early 

1984. These drifts incline upward to the experimental area. The roofs 
of both drifts intersect anhydrite beds •a• and •b•.. Slabby rock at 

the intersection was removed by the mining machine and rock bolts 
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Table 1D-1 

DRIFTS • RESULTS OF INSPECTION OF VERTICAL BOREHOL! IN ROOFS 

Page 1 of 3 
Hole 

Date Size Depth Approximate Observed 
Hole Completed (in.) ill.L Location Condition* 

DH-ol 2-10-84 3 50.8 N1424/£439.5 None 

DH-o3 2-7-84 3 48.8 N1112/E444 D 

DH-o3A 3-12-84 3 49.9 N1112/E450.5 D 

DH-oS 3-9-84 3 51.0 N1463/£972 D 

DH-Q7 2-22-84 3 49.8 N1112/E976.5 None 

DH-Q9 3-14-84 3 51.1 N1432/E1332.5 None 

DH-11 3-6-84 3 50.9 N11f2/E1332.5 None 

DH-13 3-28-84 3 13.8 N1424/E1690 D. S 

DH-13A 3-29-84 . 3 49.0 N1425/E1691 D. S 

DH-138 4-5-84 3 21.0 N1425/E1695 D. S • DH-15 3-21-84 3 51.0 N1104/E1688.5 None 

DH-17 1-19-84 3 52.0 N1104/E1688 None 

DH-19 1-21-84 3 51.6 N11 07/£206. ·5 None 

DH-21 2-27-84 3 50.4 N1421/E786 None 

DH-23 2-15-84 3 ~ 51.0 N1112/E781 None 

DH-25 3-3D-84 3 . 51.8 N1422/£1510 D. S 

DH-27 7-27-84 3.5 50.5 N1107/W682 None . 
DH-29 · ~ 7-25-84 3.5 50.4 N1099/W982 None 

DH-29A 9-12-84 3.5 35.0 N1099/W987 None 

DH-31 7-19-84 3.5 50.5 N1 099/W1282 None 

* D • displacement; S • separation; F • fracturing 

• 
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Table 10-1 (continued) 

• DRIFTS 
RESULTS OF INSPECTION OF VERTICAL BOREHOLES IN ROOFS 

Page 2 of 3 
Hole 

Date Size Depth Approximate Observed 
Hole Completed (in. l ill.L location Condition* 

OH-31A 7-24-84 3.5 49.2 Hl 099/W1280 None 

OH-318 9-12-84 3.5 4.9 Nl099/Wl261 Hone· 

DH-33 7-18-84 3.5 50.5 N1099/W1 582 None 

DH-33A 9-13-84 3.5 4.1 N1 099/W1570 None 

DH-35 1-27-85 3.5 52.0 N11 02/Wl882 None 

DH-37 1-26-85 3.5 51.5 N11 01 IW2182 None 

DH-39 1-24-85 3.5 50.7 N11 01 IW2482 None 

DH-41 1-24-85 3.5 49.9 N11 01 IW2782 None 

DH-205 2-18-83 3 50.7 H1410/EO None 

• DH-211 12-19-82 3 50.0 S1320/El63 None 

DH-219 1-14-83 3 51.0 S2422/E162 None 

DH-227 1-28-83 3 51.7 S3656/E147 None 

DH-301 8-30-84 3.5 50.8 N150/W170 0 

DH-303 9-4-84 3.5 51.4 S400/W170 None 

DH-313 ·7-1D-84 3 19.6 S1300/E300 None 

DH-313A 7-12-84 3 50.2 S1300/£299 None 

OH-315 9-6-84 3.5 50.3 S1300/W170 D 

DH-317 7-6-84 3 so. 1 S1600/W33 ·None 

DH-317A 7-6-84 3 5.0 S1600/W30 None 

DH-3178 9-7-84 3.5 51.0 S1597/W30 None 

DH-319 9-10-85 3.5 51.1 S700/E300 None 
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Table 10-1 (continued) 

DRIFTS • RESULTS OF INSPECTION OF VERTICAL BOREHOLES IN ROOFS 

Page 3 of 3 
Hole 

Date Size Depth Approxi111te Observed 
Hole Completed (in.) (ft) Location Condition• 

OH-2 8-83 4 20 S410/E147 None 

OH-3 8-83 4 20 Room 2 centerline s. F 

OH-4 8-83 4 20 N1110/W365 s 
OH-6 8-83 4 20 N1110/W5 None 

OH-7 8-83 4 20 S70/EO D. S. F 

OH-8 8-83 4 20 N140/EO None 

OH-9 2-84 4 15.4 ·N1433/W232 s. F 

OH-10 2-84 4 21.0 Nl420/W218 D 

OH-11 2-84 4 19.7 Nl433/W365 None 

s· to Room Ll centerline None • L2PU~2 5 9.2 Room L2 centerline None 
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and wire mesh were installed. Several fractures in the roof brow at 

these anhydrites have been observed • 

A portion of the Nl40 crosscut between Wl70 and £140 has been excavated 

above clay 6. An inspection of this area in June 198& showed some 

minor vertical separation, on the order of 1/8 inch, as well as some 

squeezing out of clay 6. No fractures in the underlying halite were 

observed. 

Floor D1solacements. Separations and Fracturing. Fracturing has 

developed beneath the floor in some locations. These fractures occur 

in the halite above MB-139 and sometimes extend into MB-139. The most 

prominent fracturing at present is beneath Test Room 3, as discussed in 

• Chapter 11 • 

As with the roof boreholes. observations were accomplished using both 

video equipment and a probe. The results of floor hole inspections 

conducted through July 1986 in accessible boreholes are presented in 

Table 10-3. Results of the Excavation Effects Program are included in 

Table 10-2. 

10.3.1.2 Geomechanical Instrumentation 

An extensive system of geomechanical instruments has been installed in 

the underground drifts (Figure 10-2) to . provide in situ data on the 

deformational behavior of these openings. The majority of the 

instruments were installed during the SPDV Program and therefore have 

been monitored for over three years. Additional instrumentation was 

installed after the SPDV program was completed. 

lnstnillentation in the drifts consists of radial convergence points and 

multiple-point borehole extensometers. The convergence points consist 

of pairs of eyebo 1 ts anchored in the sa 1 t of the roof, f1 oor and wa 11 s 
of the drifts as well as at corners of intersections. The closure of 

the opening 1s measured between a pair of convergence points using a 

tape extensometer. The borehole extensometers are the sonic-probe type 
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Table 10-3 (continued) 

DRIFTS • RESULTS OF INSPECTION OF VERTICAL BOREHOLES IN FLOORS 

Page 2 of 2 
Hole 

Date Size Depth Approximate Observed 
Hole Completed ii!!.:.l (ft) Location Condition* 

16 10.3 Room L2 centerline D. S 

HPO-Q3 1-86 5 9.3 Nl420. east of Hone 
Test Room 1 

NPO-Q4 1-86 5 9.5 N1420. east of None 
Test Room 1 

HPO-QS 1-86 5 9.6 N1420/Room L 1 Hone 

NPO-Q6 1-86 5 9.5 N1420/Room L1 Hone 

HPO-Q7 1-86 5 9.0 N1420/Room L2 S. F 

HPO-Q8 1-86 5 12.0 N1420. east of s 
Test Room 1 

NPD-11 . 1-86 5 8.9 N1420. between . Hone 

• Test Rooms 2 and 3 

NPD-12 1-86 5 9.0 N1420. between Hone 
Rooms L1 and L2 
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with stainless steel anchor rods and expansion-ring anchors. 

Two-anchor, four-anchor and five-anchor extensometers have been 
installed. Anchor depths vary with locality and site-specific 
stratigraphy. Recent data plots for the drift instruments are 
presented in Appendix J. 

No stressmeters were installed in either the halite or anhydrite 
surrounding the drift openings. A program to develop reliable 
stressmeters for use in halite was begun but abandoned when other WIPP 
participants initiated similar programs. The results of their programs 
indicate that measurements using modified stressmeters are not yet 
sufficiently reliable to be considered for design validation. 
Therefore, numerical modeling was relied upon to analyze stress changes 
with time in the halite and anhydrite around the openings. The 
reliability of the readings from the two stressmeters installed in 
MB-139 beneath Test Room 2 is discussed in Chapter 11. 

The underground instrumentation system has had a complex history. All 
extensometers have been reset at least once because salt creep moved 
the anchor-rod magnets beyond the initial 2-inch measurement limit. 
Convergence points were frequently damaged by construction activities 
and were regularly replaced. Extensometers were also damaged during 
construction; some were replaced· and ···others· were abandoned. · The 
operational history of the instruments is presented in e~ch issue of 
the 6FDRs. 

10.3.2 Analysis and Evaluation 

The in situ data collected and observations made during the design 
validation process were analyzed and evaluated to de~enaine the effects 
of salt behavior on the drift excavations. Closure data were analyzed 
and a model simulation was performed for a typical 8 x 25-foot wide 
drift. An option for lowering the floor 5 feet was incorporated into 
the model for subsequent analysis of the drifts in the storage area. 
The results of the analysis of the larger drifts ·are presented in 
Chapter 12 • 
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10.3.2.1 Observed Conditions 

Evaluation of observed conditions is a qualitative process. It 
represents the assessment of qualified geologists and engineers and is 
an important component of the analysis and evaluation of measured 
responses and structural calculations. 

Roof and Wall Spa111ng. Changes in roof and wall conditions occur 
slowly. Drunny areas detected during the original soundings have not 
enlarged significantly. These drunny areas occur in clear halite and 
are not associated with any noticeable clay deposits. Separations 
occur along planes of weak~ess. probably created by the orientation of 
crystal faces. Few new slabby areas have developed. For an unknown 
reason. more slabby areas developed in the roof of the £140 drift south 
of the waste shaft during excavation than in any other underground 
area. These areas have shown little. if any. growth. 

Wall ~palling is even more subdued. The most noticeable spalling 
occurs in the argillaceous halite unit and associated clay seam 
(geologic map unit 4 and clay F) near the intersection of the wall and 
roof . This area has exhibited . slowly deteriorating conditions and 
requires occasional scaling. This spalling of map unit 4 and the 
squeezing out of associated clay F is most noticeable in the Nl420 
drift north of the test rooms and- along · ·the E140· drift · south of the 
waste shaft. Spalling results from room closure and is related to the 
percentage of argillaceous material in the halite and to the proximity 
of the roof intersection. Similar behavior associated with 
anhydrite •b•. anhydrite •a• and clay I has been observed in the walls 
of the drifts and test rooms in the waste experimental area. Some 
minor squeezing of~~lay &. clay H and clay I has occurred where these 
clays are exposed along drift walls. Relative motion along these clays 
si•ilar to clay F is exhibited by the lower section of the wall moving 
into the excavation relative to the upper section. SOlie spa111ng of 
map unit 0 has also been noted along the £140 drift south of 
approximately S2500. 
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P111ar Fracturing. The vertical fractures that have developed in the 

pillar corners occur throughout the underground facility. They are 

particularly prominent in corners that were not beveled during 

excavation. The fractures range in width from closed to about 2 inches 

and extend into the salt essentially perpendicular to the surface. 

·The fractures grow steadily with time as the halite responds to 

deformation around the opening. Pillar corner fractures are the most 

obvious manifestation of pillar shortening in the drifts and rooms. 

These fractures will continue to grow and the corners will continue to 

deteriorate, with increasing spalling as a result. This behavior is 

expected and poses no stability problems, but it will require 

monitoring and maintenance throughout the operating life of the 

facility. 

Vertical fractures have developed in the walls of the drifts parallel 

to the longitudinal dritt axis. The fracture openings range from 
closed to 1/16 inch in width. The fractures have been detected in some 

boreholes where they occur within 2 feet of the wall surface. This 
type of fracturing is typical of . underground excavations and probably 

represents tension fractures developed due to stress relief. 

Roof Displacements and Separations.- Clay 6 and clay H, above the _roof 

of the facility level drifts, and clay I, above the roof of the drifts 

in the experimental area, · have exhibited displacements and 

separations. Table 10-1· presents the results of observations made 

through July 1986 in 58 open boreholes~ Twenty of these holes 

exhibited positive evidence of the occurrence of displacements and/or 

separations. Sixteen of these· holes are at intersections. The 

vertical• separations range from closed to 1/4 inch in width, and the 

horizontal displacements are up to 1 inch wide. 

An additional 32 holes in 11 arrays were drilled in the roof at various 
facility level drift locations during the Excavation Effects Program 

(Figure 10-1). Of these, four arrays were drilled at _i_ntersections • 

Three additional arrays were dr1.11ed in the roof of drifts in the · waste 
experimental area. 
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Inspection of the recently drilled holes using a probe indicate that 

minimal separation has occurred at the intersections and along the • 

drifts. The size of the opening as well as the elapsed time since its 

excavation do not appear to have a significant effect on this 

phenomenon. Although the E140 drift south of the waste shaft was 

excavated early in construction and has the largest opening dimensions 
(12 x 25 feet), only minimal separations, less than 1/16 inch wide, 

were detected. 

No separations were detected at clay 6 in the drift hole arrays, and 

the separations in the halite were usually less ~han 1/16 inch. There 

appears to be about 1/8 inch of separation at clay I in the array at 

E875 in the N1420 drift. This is consistent with observations made in 

previously drilled holes in the waste experimental area. 

The observed displacements and ·separations immediately above the 

facility drifts appear to "be normal deformational behavior. As the 

deviatoric stress around the underground openings increases following 

excavation. the surrounding salt w11 1 deform. · The clay seams are zones 

of weakness that provide slip planes for salt . movement during lateral 

loading. Movement is generally represented by the halite section below 

the clay seams moving into the excavation relative to the section above. 

Floor Displacements, Separations and Fracturing. Minor displacements, 

separations and fracturing have occurred · beneath · the floor of the 

drifts. Table 10-3 presents the results of observations made in 34 

open boreholes through July 1986. Ten of these holes exhibited 
displacements, separations or fracturing. Displacements up to 3/4 inch 

wide and separations up to 1/2 inch wide have been observed in 

boreholes at the intersection of Test Room 1 and Room Ll, as well as at 
the intersection of Test Room 2 and Room L2. These are large, four-way 

intersections with 20 x 33-foot dimensions. Some displacements, 

separations and fracturing were also detected in three open boreholes 

in Ro011 L2. · Only two holes in the N1420 drift east of Test Room 1 

exhibited separations, less than 1/8 inch wide. No other separations 
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have been detected in any other open boreholes in the Nl420 drift or 
Room 6. Only closed fractures were observed in the 30-inch diameter 
hole (L2X-D1} in Room L2 (Figure 10-3}. These fractures, many coated 
with clay, appeared to have originated prior to room excavation. 

Nine small-diameter holes were drilled in the floor of the 35-foot wide 
S700 crosscut and inspected using a probe. These holes were drilled to 
determine the depth to MB-139 as well as to determine if any fractures 
were present. Fracture zones up to ) inch wide were encountered in two 
locations in the halite above MB-139. Only one borehole contained a 
hairline fracture within MB-139. 

During September 1985. nine 36-1nch diameter holes were drilled in the 
floor of Room J. a 33-foot wide room, to accommodate structural steel 
columns. Only one near-horizontal fracture, less than 1/32 inch wide, 
was encountered in the halite above MB-139 in hole JV-8. No fractures 
were found in the other holes in Room J. 

One fracture has been detected in the floor of the El40 drift south of 
the waste shaft. This fracture was observed while the drift was being 
enlarged from 8 feet to 12 feet high from April through June 1984. The 
fracture was about 18 inches below the original floor in halite and 
extended from approximately S1859 to Sl871. Separation ranged from 
1/16 inch to 1/2 inch and was associated with some clay. It curved 
upwards toward the floor at its northern and southern limits. 

The results of the Excavation Effects Program indicate that minimal 
separations occur beneath the floor of the drifts and intersections. 
As determined from the roof holes, the size of the opening and elapsed 
t1me s1~ce excavation do not appear to have any effect on the 
occurrence of separations in the salt beneath the floor. No fracture 
zones were detected 1n any of the holes and separations where 
encountered. ranged from less than 1116 inch to 1/8 inch wide. As with 
the older open boreholes. the Excavation Effects Program holes show 
evidence of separations within MB-139, at clay E and in the overlying 
halite • 
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. Tbe floor hole array in the N1420 drift at E875 encountered a s 1 ight 
separation of approximately 1/16 inch, coincident with a clay seam at a 
depth of about 8 1/2 feet. MB-139 at this location is about 22 feet 
below the floor. 

Brine was encountered during the drilling of the central hole in the 
array at S700/E66 and continued to flow from the hole for several days 
after the ccmpletion of drilling. The hole encountered several 
separations up to 1/li inch wide between a depth of 7.4 and 7.7 feet. 
No separations were detected in the other holes of this array. Brine 
has been encountered at several other hole array locations but no 
significant separations were detected in the holes. 

The observations made to date indicate that fracturing in the drift 
floors is minimal. This includes observations of the E140 drift, which 
was one of the earliest excavations made during the SPDV Program. No 
fractures of the magnitude found in Test Room 3 (Chapter 11) have .been 
detected in any of the drifts. Displacements, separations and 
fracturing beneath the floor is expected to continue in the future . 

10.3.2.2 Closure Behavior at Selected Stations 

Analyses were perfonmed at selected stations to study roof-to-floor and 
wall-to-wall closure. Analysis was also performed to study the effect 
of floor lowering on closure • 

. • 

Roof-to-Floor Closure. Until May 1984, the El40 drift south of the 
waste shaft was unique in that there were neither crosscuts nor nearby 
parallel drifts. However, in ~ay and June 1984 the floor of the drift 
was lowered by 4 feet and new drifts and crosscuts were added between 
stations ,. Nl40 and S1620. These two operations have resulted in an 
increase in closure rates for this portion of the drift. Since both 
operations occurred concurrently, it is difficult to isolate their 
effects on closure. However, it has generally been observed that any 
far field disturbance has only a short-term effect on the closure, and 
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that the closure rate, after a 110111entary increase, decays to its 

pre-perturbation rate pattern. • 

If we .assume that the closure at station E140/S1879 1s not measurably 
affected by the additional excavations performed north of station 
Sl620, this station can then represent the closure of an infinitely 
long opening in a geologically uniform formation. However, because the 
convergence points were installed nearly 4 days after the completion of 
excavation, the roof-to-floor closure versus elapsed time curve was 
extrapolated backwards by fitting an equation in the form of 

. 
3 t • t 1 (1 + R(t)/R1) (10-1) 

where: R(t) is the instrument reading at elapsed time t since the end 
of excavation; and 
R1 1s the regression parameter, equal to total closure at 
elapsed time t, since the end of excavation. 

Th1s equation indicates that at t equal to 0, the slope of the closure • 
curve is infinite. This is not true because the slope at t equal to 0 
is finite but large. 

Based on· the results of the regression . analys.is,... the . value of R1 was 
determined to be 1.97 inches. However, the curve-fitting was not very 
good, probably because excavation at the instrument. location was done 
in two stages making it difficult .to assign the value for t 1• 
Because the shape of the early part of the closure versus time curve is 
not smooth, the estimated value of t, is approximate. 

Figure 10-4 compares the measured closure with the adjusted curve at 
station E140/S1879 using the results of the regression analysis. The 
reading of roof-to-floor closure on August 26, 1985, was 5.84 inches 
and the adjusted value 1s 7.81 inches. Note that this station is 
nearly 230 feet from the boundary location north of which the floor was 
lowered 4 feet. It is likely that the excavation had some effect on 
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. the closure at this station, although Figure 10-4 does not clearly show 

such an effect. The convergence points at this location have since 

been destroyed. 

Figure 10-5 shows the central roof-to-floor closure at E140/S1246. The 

roof-to-floor convergence paints were installed nearly 14 days after 
excavation at this location. This figure shows the effect that 

lowering the floor 4 feet has an the closure. In addition. the £300 
drift excavation passed this location an August 21 and 22. 1984. The 

effect of lowering the floor. though. masks the effects of the adjacent 

excavation. As of August 26. 1985. the roof-to-floor closure of the 
12 x 25-faat drift was 4.18 inches. The initial reading was taken on 

July 11. 1985. 1 day after the floor was lowered. Because the closure 
rate is very high at the early stages. actual roof-to-floor closure is 

greater than 4.18 inches. 

Relationship Between Roof-to-Floor Closure and Drift Dimensions. 

Convergence paints have been installed at various stations in 

• 

underground drifts having different crass section dimensions. Same of • 
the drifts. especially the· £140 drift south of S1600. are isolated. 
while mast of the ather drifts have nearby parallel drifts and 
crosscuts. The closure behavior of these · drifts is · affected · not only 

by the opening dimensions . but also by· the presence of adjacent 

openings. ~iffcrences in creep properties of the salt may also be 

responsible for· differences in creep behavior. In addition. the 

closure behavior is affected by the 4- to 5-faot lowering of the drift 
floor. 

Fi_gure lo-6 shows measured roof-to-floor closure at selected . stations 

in drifts w1th different cross section dimensions. Because 
measurements were nat .ade immediately after the opening was excavated. 
the clasur:-e values were normalized to the values at approximately · 10 

days after the completion of excavation at the respective instrument 
station. As shown an this figure. the maximum closure and closure rate 

occur in drifts with opening dimensions of 12 x 25-feet. Because the 
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dr1fts 1n the storage area will have cross section dimensions of 

13 x 25 feet, the modeling analysis discussed in this chapter and in 

Chapter 12 focuses ~n predicting the behavior of the 13 x 25-foot drift 

opening for the operating life of 25 years. 

The effect of lowering the floor 4 feet at instrument stations EO/N626 

and El40/Sl246 is to increase the closure rate permanently. Although 

the floor lowering was performed at different times at these stations, 

the steady state rate after excavation appears to be nearly the same. 

However, if the flo~r lowering is performed at a much later date 

following the initial excavation, it is ·likely that the total closure 

may be somewhat decreased. The closure behavior at these two stations 

is influenced by the presence of nearby parallel drifts and crosscuts, 

as well as likely differences in the creep properties of the salt. 

Figure 10-6 also shows the predicted roof-to-floor closure of an 

infinitely long, single drift with cross section dimensions of 

13 x 25 feet. Th1s closure was obtained by modeling and is discussed 

in Chapter 12. The approximate steady state c 1 osure rate at EO/N626 

and £140/51246 is 2.00 inches/year. The steady state closure rate 

predicted for the infinitely long, single drift is 1.60 inches/year. 

The nearly 25 percent difference in these rates is probably due to the 

presence of adjacent drifts and crosscuts. This value compares well 

with the value of 30 percent obtained from modeling as discussed in 

subsection 10.3.3.3. 

Figure 10-7 presents a comparison of the predicted closure of a 

13 x 25-foot drift with the observed behavior of a 12 x 25-foot drift 

at EO/N626. The closure for the 13 x 25-foot drift was obtained by 

increasing the closure rate obtained from modeling the infinitely long, 

s1ngle drift by 30 percent. The roof-to-floor closure at £0/N626 does 

not include the values before the floor was lowered by 4 feet. This 

comparison indicates that it is reasonable to increase the closure rate 

of a single, infinitely long, 13 x 25-foot drift by 30 percent to 

account for the presence of adjacent parallel drifts and crosscuts . 
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Wall-to-wall Closure. The wall-to-wall convergence points at the 51246 

station were installed iamediately after the origina 1 excavation at 

this location was completed. When the cross section dimensions were 

8 x 25 feet. the measurements were close to the ~rue wall-to--wall 

closure at midheight of the instrument location. On June 30, 1984, the 

wall-to-wall closure was 5 inches for an elapsed time period of 564 

days. After the floor was lowered, a new set of wall-to--wall 

convergence points was installed. The additional wall-to-wall closure 
was 3.31 inches through August 26, 1985. 

Comparison of Roof-to-Floor to Wall-to-Wall Closures. Taple 10-4 

summarizes the closure of the El40 drift for locations south of 51620. 

Until August 1985, these locations were unique in that there were no 

crosscuts and no nearby parallel drifts at the time of the analysis. 

The cross section dimension was 8 x 25 feet. The maximum measured 

roof-to-floor closure of 5.19 inches was at station 51879. Stations 

53614, 53639 and S3664 are influenced by the end constraints of the 

drift which terminates at about S3664 • 

Effect of AdJacent Drifts. Table 10-5 compares closure in the drifts 

at 51150. Because the initial readings were not taken inmediately 

after the station location was excavated, the comparison is 

approximate. Note that. for the El40/S1150 station, the original cross 

section dimensions were 8 x 25 feet until June e. 1984, and that no 

convergence points existed at . this location prior to lowering the 

floor. The closure values at El40/Sll50 are the maximum. not only 

because the opening dimensions are the largest, but also because the 

opening had already existed for nearly 550 days before the floor was 

lowered 4 feet. It is also lik_ely that there is mutual influence 

between the openings • . 
Effect of Floor Lowering. The EO drift between N140 and Nl420 was 

increased in height fr0111 8 feet to 12 feet {by lowering the floor) from 

November 9, 1983, through January 9, 1984. The closure readings 

increased rapidly as excavation approached the measurement stations but 
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Table lo-4 

E140 DRIFT SOUTH OF S1620 • SUMMARY OF MEASURED CLOSURE 
(CROSS SECTION DIMENSIONS • 8 x 25 feet) 

Time-lag between end Convergence point 
of excavation and reading (inches) 

Instrument 1n1t1a1 reading (days) Feb. 12. 1985 
Locat1on R-T-F• W-T-v* R-T-F• W-T-v* 

E140/S3664 14 0 1.70 1.48 

E140/S3639 0 0 4.07 3.24 

E140/S3614 0 0 4.49 3.72 

E140/S3250 11 11 4.13 2.97 

E140/S2950 10 10 4.19 3.18 

E140/S2625 6 6 4.43. 3.59 

E140/S2350 9 9 4.33 3.44 

E140/S2066 8 8 4.32 3.40 

E140/S1879 4 2 5,46 4.00 • • R-T-F • roof-to-floor 
W-T-w • wall-to-wall 

•• 
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Table 10-5 

·COMPARISONS Of CLOSURE IN DRIFTS AT S1150 

W170 WJO . 1140 EJOO 

I• 140FT 110FT 110FT •I 14 20 uO nCJ nO uO 
INSTRUMENT lOCATION wuo/aueo WJ0/11141 Et40/IUIIO EJOO/St 1110 

DATE Of EXCAVAliON AUGUST 11, 1M4 AUGUST .1. 1M4 JUNE I, tM4• JUlY 2J, 1M4 

DATI OF tNITIAlRIAOINO 

CENTRAl ROOf·TO-FlOOR AUGUIT 12, 1M4 AUGUIJ H, 1114 JUf4E 14, 1N4 JULY H , 1 .. 4 
CENTRAL WAll· TO-WAll AUGUIJ U, 1M4 AUGUST 22, 1M4 JUNE 14, IN4 JULY H, IM4 

DATE Of lATIIT READING FOR 
80TH ROOf· TO-flOOR AND WAll·TO-WALL liP. 11,11186 IEP. 11,1 ... AUG. H , 1115 liP. 30, ttl& 
CONVERGENCE POINTS 

CLOSURE t IN-I 

~ CENTRAl ROOF· TO-FLOOR 2.4e 3.10 Ul 2. 11 
0 
I 

CENTRAl WAll· TO-WALl 2.12 2.71 3.03 2.311 
w 
"' 

' FlOOR LOWERED BY 4 FJ ON JUNE I , 1884. DIMENSIONS WERE I FT )(26FT BEFORE JUNE 8, 1884. CROSS DRIFTS SIIOO AND 51300 EXCAVATED IN AUGUST, 1885. 



dropped rapidly to, or slightly above, the pre-excavation rate. The 

floor lowering has affected the salt material above the roof of the 

openings to distances of at least 30 feet .• 

Figure 10-8 shows the relationship of the movement rates for the collar 

and two intermediate anchors of roof extensometer 51X-6E-Q0243 at the 

EO/N1100 intersection. The figure shows that the movement rate of the 

collar and these anchors increased due to floor lowering but then began 

decreasing until March 1984 (about 400 days after the initial 

excavation). The rate then . began increasing again from March until 

August 1984 (about 550 days after the initial excavation). Because 

excavation activities were performed in the area of this instrument at · 

this time, it is possible that parting at the clay seams above the roof 

was occurring at an increasing rate. 

Figure 10-9 shows the movement rates of the collar and anchors of roof , 

and wa 11 extensometers at· EO/N626. The collar movement rate of the 

east wa 11 extensometer appears to be somewhat less than that of the 

• 

west wall extensometer. It was also observed that floor lowering has • 

affected the closure behavior of pillars as far as 25 feet from the 

opening. Similarly, roof behavior has been affected, probably up to at 

least 30 feet above the roof. 

The height of the El40 dr1ft re111ined at 8 feet during floor lowering 

in the EO drift between N140 and N1420. However, excavation performed 

in the EO drift appears to have affected the clasure behavior of the 

E140 drift. Figure 10-10 shows the movement rates of the collar and 

anchor A for roof extensOCDeter 51X-6E-Q0235 at E140/N624. The collar 

movement rate was decreasing 110notonically until late December 1983 • 

. However. ·rtt appears to have increased around January 1984. Assuming 

the instrument was functioning properly and there was no anomalous 

behavior of clay sea.s in the roof of the E140 drift, excavation in the 

EO drift may have influenced salt behavior as much as 150 feet from the 

EO drift. 
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Observations of the effect of floor lowering on closure behavior are 

summarized below: 

(1) The closure reading at an instrument station increases 

rapidly as floor excivation approaches the station and 

decreases rapidly to. or slightly above. the pre-excavation 

closure rate as excavation passes the instrument station. 

(2) Floor lowering affects creep behavior of the salt above the 

roof of the · openings to depths of at least 30 feet. This 

effect is short-lived. however. extending over a period of 
only a few 110nths. 

(3) Although· the floor of the £140 drift north of the C & SH 

shaft was not lowered for 110st of its length. excavation 

performed in the EO drift appears to have affected the E140 

drift closure. 

• 

The movement rates of the anchors of extensometer 51 X-6E-G0243 at the • 

EO/NllOO intersection increased and then decreased between March and 

August 1984. Because no excavation activity took place at this time in 

the vicinity of the insti"'UUIIent station. it was assumed that · the clay 

seams above the roof may have been · parting at · an increasing rate. 

Figure 10-8 .shows the variation in closure rates for th.e collar and · 

anchor points with time. The rates of the collar and anchor movements 

have subsided and are probably returning to their pre-perturbation 

values. For COCIIParison. the rates of collar and anchor movements of 

floor extensometer 51X-6E-o0258 are shown on Figure 10-11. The rates 

of movements of the collar and intermediate anchors have a similar 
~. 

trend as the roof extens011eter over the same time period. However. 

this extensometer was daaaaged due to mining operations on February a. 
1985. Since then. the readings have remained anomalous. 
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. 10.3.2.3 Model Simulation 

A finite element model utilizing an engineering approach was used to 
simulate the behavior of an 8 x 25-foot drift. The method described in 
Appendix c was used to mathematically simulate the in situ behavior of 
the drifts by determining the creep parameters C, A, and z. The 
following discussion describes the numerical modeling and the 
utilization of in situ data for the drifts. Also discussed are 
simulations of the effect of adjacent parallel and perpendicular drifts. 

Utilization of Reference Stratigraphy. The reference stratigraphy 
described in Chapter 6 was used in the analysis~ The reference level 
representing the elevation of clay 6 is 2.129.40 feet below the ground 
surface, based on .the core hole log at s:ation E140/Sl960. Because the 
finite element method lends itself well to multiple layer analysis in 
which distinct material properties can be accounted for. the MARC 
General Purpose Finite Element Program (ref. 6-8) was used. 

Structural Characterization. Figure 10-12 shows the finite element 
model used to predict .closures, stresses and deformed shapes as a 
function of time for an 8 x 25-foot opening. The model consists of 122 
plane strain elements with 21 gap/friction link elements modeling the 
clay seams and an option for lowering the floor 5 feet. The top and 
bottom boundaries of the model are at depths of 2,045.00 feet and 
2,245.00 feet, respectively, below the ground surface. The drift roof, 

. drift floor before lowering, and drift floor after lowering are at 
depths of 2,128. 70, 2,136. 70, and 2, 141.70 feet, respectively, below 
the ground surface. The roof beam is 8.10 feet thick and the final 
floor level is 4.39 feet above MB-139. 

Only anhydrite layers with thicknesses greater than 1 foot were 
included in the model. Calculations showed that most anhydrite layers 
less than 1 foot thick failed at vertical stresses less than 1 percent 
of the overburden pressure. Therefore, because their contribution to 
the stiffness of the model would be insignificant, th~y were not 
included. 
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. 
Clay seams in . the model were limited to two above and two below the 

drift opening. The ·justification for this is twofold: first, 

reference S-4 states that •go percent of the drift closure measured 

with ten active slidelines could be captured with four slidelines, two 

directly above and two directly below the drift•; second, previous 
analyses have shown that, at locations representative of the more 

distant clay seams, the shear force is considerably less than the 
normal force; therefore, any slippage along these clay seams would be . 
negligible compared to that along seams closer to the opening and they 

need not be included in the model. To SiiiiPlify the analysis of this 
model, a coefficient of friction equal to 0.0 was assumed for the 

gap/friction elements modeling the clay seams. 

The lateral boundaries of the model are 82 feet apart. and were 

established based upon vertical axes of symmetry with regard to 

adjacent drifts. The upper and lower boundaries of the model were 

based upon experience f1"0111 previous analyses and were extended far 

enough in both directions so that the difference between vertica 1 and 
horizontal stresses at each point of the boundaries ~ould be within 10 

percent of the vertical stresses. Horizontal restraints were assumed 

for the lateral boundaries while vertical restraints were assumed for 

the lower boundary of the model. Stress boundary conditions were 

utilized for the upper boundary. 

Element sizes were established to make them proportional in size to the 

estimated stress gradient across each element. In addition, the 

orientations of the elements were established in order to have the 

radiating mesh coincide with the assumed principal stress axes. These 

aspects of the model were designed to enhance the overall efficiency of 

the analysis. 

Consideration of Drift Opening. The drift openings were originally 

excavated to 8 x 25 feet. Further development trinned an · additiona 1 

4 feet from the floor to provide a 12 x 25-foot opening in the shaft 

pillar area. To provide continuous response histories from initia 1 
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excavation through the floor lowering period, special considerations 

were provided for modeling the opening . 

Determination of ~ reep Parameters. Data from ten different locations 

along the El40 drift from SSSO to S3250 were reviewed and one 

representative location was selected to calculate creep parameters for 

the drifts and for use in predicting closures and stress distributions. 

Figure 10-13 shows the correlated roof-to-floor and wall-to-wall· in 

situ data cunes from the selected location, as well as the predicted 

closure based on the calculated creep parameters. 

Transformation of Time Domains. Having determined the values of C, A 
and z to be 1.40xl0-21 ksf-4. 9 sec -l, 3.2 and l.lxl0-7 sec -l, 

respectively, the normalized time at which the floor lowering was 
7 

scheduled to take place was determined by transforming 7 .25x10 sec 
(or 2.3 years) to normalized time using equation C.4-17 in Appendix C. ' 

The normalized time which corresponds to the scheduled real time for 
-13 -4.9 

drift floor lowering was determined to be 1.4205xl0 ksf or 
418 time increments from the start of the program. Accordingly, the 

drift height was changed at the end of increment 418, and the analysis 

continued until a total real time of approximately 5 years was reached. 

Effect of Parallel Drifts. The extraction ratio at a particular 

location is. dependent upon the arrangement of the drifts and pillars. 

Therefore, the effect that the extraction ratio has on structural 

responses can be determined by considering the effect of adjacent 

drifts. Two different cases were considered in the analysis. One case 

assumes the adjacent drifts are para 11e1 to the drift being analyzed 

while the other case assumes adjacent drifts are perpendicular to the 

drift being analyzed. 

To simplify and minimize the computationa 1 effort. a multiple drift 
model was used for the analysis of the 8 x 25-foot drift. For this 
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model. the drift was assumed to be located between an infinite number 

of parallel drifts. with each having identical cross sections and 
pillar widths. Two-dimensional analyses using this model were 
perfonmed assuming a state of plane strain. The boundary displacement 
conditions at the centerline of the pillar were assumed to be 
restrained in the horizontal direction but free in the vertical 
direction. Under these assumptions, this mathematical model can more 
accurately simulate the geologic conditions in the future when adjacent 

· drifts will exist rather than at the present time when only a single 
drift exists. Computational results for the parallel drifts are 
presented in subsection 10.3.3. Parallel drifts with different 
dimensions and spacings can be incorporated . into the present 
mathematical model and corresponding structural responses can be 
computed. 

Effect of Perpendicular Drifts. Ideally, a three-dimensional analysis 
is required for the case when the drifts are not parallel to each 
other. However. the structural responses can be approximated based on 
the two-dimensional analysis described in this section . 

Additional drifts which intersect perpendicular to the drift in 
question increase the average overburden pressure in the pillar. The 
two-dimensional analysis of parallel drifts has indicated that the 
vertical stresses initially increase sharply in the pillar area 
adjacent to the opening. Over time, salt creep reduces this stress 
peak as the stresses are redistributed over the width of the pillar. 
Eventually. the vertical stress level becomes nearly unifonm over most 
of the pillar width. 

The tota 1 overburden load in the pillar is equa 1 to the average 

vertical stress IDUlt1p11ed by the pillar support area. Because this 
total overburden load remains constant before and after the excavation 
of perpendicular drifts. the average vertical pressure is inversely 
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proportional to the support area. This increased average vertical 

stress can, therefore, be expressed as: 

(10-2) 

where: ;r is the average vertical stress of a rectangular pillar, 
i.e., pillar ·within a gridwork of intersecting drifts; 
Gi is the average vertical stress of an infinitely long 
pillar, i.e., pillar without the perpendicular drifts; 

wt is the distance between the center lines of the 
perpendicular drifts; and 

w2 is the pillar width in the .perpendicular direction, 1.e., 
wt minus the width of the perpendicular drift. 

After the excavation of additional drifts in the perpendicular 

direction, the restraints at the new wall boundaries are released. 
Consequently, the distribution of effective . stress in the pillar 

changes. 

through 

Actual distribution of the effective stresses can be obtained 

a three-dimensional 

two-dimens i ona 1 
distribution. 

analysis can 

computational 

be used to 

analysis. 

estimate 

However, a 
the stress 

A two-dimensional analysis can neither··mode1·· the ·restraint conditions 

nor predict out-of-plane displacements that occur at the boundary of 

the perpendicular drifts. As a result, the vertical stress 
distribution from the two-dimensional analysis is assumed to represent 

a plane some dis_tance fro11 the perpendicular drifts where the actual 

behavior .ore closely represents the plane strain condition. The . 
accuracy of this assumption depends upon the distance between the plane 

· being ana1yzed and the perpendicular drift. In all cases, the results 
of a two-dimensional analysis represent a lower bound on the effects of 
perpendicular drifts. 

The pillar dimensions are identified as w
1 

for the width of the . 

• 

• 

pillar between para 11e1 drifts and w2 for the width of the pillar • 

10-48 



• 

• 

• 

between perpendicular drifts. For an infinitely long pillar, which can 

be considered as a rectangular pillar with w1 IW2 
equa 1 to zero, the 

vertical stress distribution of the drift to the center of the pillar 

can be determined from a two-dimensional analysis. The distribution of 

the vertical stress ~1 (y), shown at the top of Figure 10-14, is 
symmetrical with respect to the centerline of the pillar and stabilizes 

within several months after excavation. 

For a square pillar, which can be considered as a specia 1 case of the 

rectangular pillar with w1tw2 
equal to one, the vertical stress 

distribution should be synnetrical with respect to the two centerlines 

and two diagonals of the pillar. This 1s shown graphically in the 

middle of Figure 10-14, where the x-axis is assumed to be along the 

drift axis. Assuming the vertical stress distribution ~s{x,y) from 

the center of the pillar to any of tt)e four wa 11 s is the same as the 

stress distribution ~1 {y) across the width of the infinite pillar, 

the ratio of the average vertical stresses between the square and the 

infinite pillars can then be estimated from equation 10-3: 

f W/2 f +x as(x,y) dydx 
~s 0 -x - • _...;....:...~-=-~~-----

. ( W/2 (W/2 
Jo )o a1(y) dydx 

where: a; is the average vertical stress for the infinitely long 

pillar; 

; is the average vertical stress for the square pillar; 
s 

(10-3) 

~i(y) is the vertical stress distribution for the infinitely 

long pillar; and 

.~s(x,y) is the vertical stress distribution for the square 

pillar. 

Based on the computationa 1 results fr0111 .the previous ana lyses, the 

average vertical stress of a square pillar is estimated to be 15 

percent higher than that for the infinitely long pillar. At the WIPP 
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facility level, most of the pillars have a rectangular shape. As shown 
at the bottom of Figure 10-14, a rectangular pillar can be separated • 
into regions which are assumed to act either as an infinite or square 
pillar. By using a weighted area method, the following equation 
expresses the effect of varying the pillar's aspect ratio on the 
average vertical stress: 

t1 • 
r 

(10-4) 

where: ; is the average vertical stress for the rectangular pillar. 
r 

The corresponding change 1n pillar shortening is proportional to the 

ratio of ; to ;i' . r 
exceeding n, where n 
the creep behavior. 
equation 10-4. 

10.3.2.4 Bay Strains 

raised to some power, with an exponent not 
is the exponent in . the power law expression for 
Subsection 10.3.3.3 presents the results using 

Strains around an opening in salt vary with space and time. Although, 
it is difficult to measure these strains directly, they can be inferred 
from the measurements of anchor displacements ·of multiple-point 
borehole extensometers. Relative movements between anchors wi 11 
provide an approximate distribution of strain along the axis of the 
extensometer. If these relative. displacements are non~~lized over the 
spacing between the anchors, then these non.alized relative 
displacements are termed •bay strains•~ The bay strain will · be closer 
to the true strain provided that the spacing between anchors is sma 11 

and that.the deform~tion varies linearly with spacing between anchors. 
Bay strains are useful in detecting . any anomalous behavior in salt 
around an opening such as that influenced by discontinuities, clay 
seams, or the effect of local stress concentrations. 
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DRIFTS 
VERTICAL STRESS DISTRIBUTIONS IN VARIOUS PILLARS 
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.Figure lG-15 shows the variation of bay strains with elapsed time since 

completion of excavation for floor extensometer 51X-GE-Q0242. This • 
extensometer is located at the intersection of Test Room 2 and the 
NllOO drift. The sudden increase in the bay strains may not be related 
to salt behavior and is apparently related to system 11easurement • 

. Thus, it is likely that the maximum average bay strain in the first 6 
feet of salt in the floor is no more than 1 percent. The analysis of 
bay strains in the floor of the drifts in other locations indicates 
that the maxiiiWI average bay strain· generally occurs in the first 6 
feet (collar to anchor A) in · either the roof or the floor. 
Figures K-36 to K-45 in Appendix K show the variation of bay strains 
with elapsed time since excavation. 

Figure 10-16 shows the rate · of bay strains for extensometer 
51X-GE-Q0242. The overall trend 1s that the rates decrease with time 
and are currently less than 0.5 percent/year. Figures K-46 to K-55 in 
Appendix K summarize the variation of strain rates with time. 

The decreasing trend in the rates of bay strain with time is an • 
indication that the salt in the roof and floor of the drifts is 
currently stable. 

10.3.3 Prediction of Future Behavior·- · 

The results· ~f the analysis of the 8 x 25-foot drift have been 
categorized as follows:-

(1) Effective stresses and effective creep strains innediately 
after initial excavation; immediately be(ore and after floor 
lowering; and 5 years after initial excavation. 

~ 

(2) Principal stresses immediately after initial excavation; 
iaaediately before and after floor lowering; and 5 years 
after initial excavations. 
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(3) Deformed drift shapes immediately before floor lowering and 

5 years after initial excavation • 

10.3.3.1 Effective Stresses 

Figures 10-17 and 10-18 'how the distribution of effective stresse~ in 
each of the elements of the mesh located near the midheight of the 
finite element model. The contours are numbered with integers from 1 

to 10 with each contour interval representing an effective stress 
increment of 100 ksf. As time passes, the plots show the effective 

stresses becoming more concentrated in the anhydrite layer. That is, 
more energy in the form of strain energy is transferred from the 
creeping halite and argillaceous halite layers to the anhydrite. 

10.3.3.2 Principal Stresses 

The principal stress plots (Figures 10-19 and 10-20) show that, 
immediately after excavation, the magnitudes of the predicted principal 

stresses are relatively large in the corners of the drift and in the 
anhydrite layer. As the salt creeps, the principal stresses 
concentrate in the anhydrite layer near the centerline of the drift. 

10.3.3.3 Deformation and Closure 

A mesh showing the deformed drift shape is presented on Figure 10-21. 
This mesh shows the outline of the original, undeformed drift in dashed 
lines while the deformed shape at the corresponding creep time is shown 
in solid lines. 

The deformed shape immediately before floor lowering shows significant 

vertical deflection (downward) in the roof area of the drift. The 

drift floor has heaved UpWard only slightly and the walls have begun to 

creep inward. 

Effects Due to Extraction Ratio. ~n analysis was performed to simulate 
the effect on the response of the drift due to a change in the 
extraction ratio. A change in the extraction ratio is caused by 
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excavation in adjacent or remote areas. The effect due to excavation 

in adjacent areas was simulated by modifying the finite element model 

used in the analysis. The difference is essentially a comparison of a 

single drift to a set of intersecting multiple drifts. Developing a 
single drift model which accurately represents the behavior of the 
infinite pillar requires assuming a width for the model. Therefore, to 

examine the effect of pillar width on analytical results, a 139-foot 
wide model similar to the one shown on Figure 10-12 was used as a base 

case and was later widened to 278 feet. Each model consists of an 

8 x 25-foot drift. 

Figures 10-22 and 10-23 show comparisons of the closure behavior for 

the two different pillar widths. Because the width of the model is 

expected to affect the vertical stresses, both the pillar shortening 

and roof sag components of closure are included. The top graph in both 

figures indicates that by halving the pillar width to that of the 

northern area spacing the roof-to-floor closure increases by about 15 

percent • 
. . 

The effects on pillar shortening due to increased overburden stress 

from the perpendicular drifts can be seen on the middle graph in 

Figure 10-22. Comparison of the infinite pillar ·with and without 

perpendicular drifts indicates a 15 percent increase in pillar 

shortening due to the presence of the intersecting drifts. Comparing 

the curves for the narrow pillar in the top two graphs indicates that 

pillar shortening contributes approximately half of the total closure 

response. The 15 percent increase in the pillar shortening then 

corresponds to a 7 1/2 percent contribution in total closure. This is 

also true for the total closure rate. The combined effects of single 

versus .multiple drifts and multiple parallel drifts versus an 

intersecting gridwork account for about a 24 percent difference in the 

total closure rate. 

The effects of releasing the boundary constraints at the perpendicular 

drift wall can be estimated by the use of equation 10-4. For the 
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·northern area where the w
1

tw
2 

ratio is approximately 0.4, the 

average effective stress is increased by about 6 percent. If the • 

pillar shortening rate is proportional to the square of the increase in 

average effective stress in the pillar, the boundary r.elea·se accounts 

for a 12 percent increase in pil.lar shortening. As described in the 

previous paragraph, this 12 percent increase in pillar shortening rate 

corresponds to about a 6 percent increase in the total closure rate. 

This factor, combined with the previously described effects, yields 

about a 30 percent difference in the total closure rate. This compares 
well with the value presented in subsection 10.3.2.2. 

The roof sag component of closure is shown in the bottom graph of 

Figure 10-23. Figure lQ-22 shows the comparison of the closure 

components of the narrow model relative to the wide model which is 

equivalent to comparing multiple parallel drifts to a single drift. As 
this figure indicates, the behavior differences appear to stabilize 

after about 200 days. 

10.3.3.4 Effectiveness of Numerical Modeling 

The creep parameters c. A and z were determined usinq roof-to-floor and 

wall-to-wall closure data. The effectiveness of the numerical modeling 

which uses one set of •asured data to predict with reasonable accuracy 

other variables such as stress and strain needs to be verified to 

infuse conftdence in the nwaerical modeling procedure. Besides, such a 

comparison will enable testing the adequacy of the basic creep level as 

well as assumptions regarding the statigraphy assumed for the model. 

The 8 x 25-foot drift south of S2180 was isolated until July 1986 and 

different, sets of creep parameters were determined by numerical 
modeling using roof-to-floor closure data from various convergence 

point •asurements. In situ roof-to-floor closure data for stations 
south .of S2180 indicate that the drift behaves essentially like an 

infinitely long isolated opening except at the very end of the E140 

drift. This affords an opportunity to compare the measured relative 

displacements in the roof as well as in the floor at one instrument 
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location w1th the values obtained from numerical modeling which used 

roof-to-floor closure data from measurements at some other instrument 

location to •back calculate• the creep parameters. 

Figure 10-24 compares the measured relative displacement between the 

collar and anchor D of extensometer 51X-GE-Q0247, in the roof at 

E140/Sl950, with the values obtained from the numerical modeling. The 

calculated value is the relative vertical displacement of two nodes 

comparable to the positions of the collar and anchor D of the 

extensometer. The paramet_ers C, A and z were obtained using 

roof-to-floor closure data from the instrument location at El40/Sl 879. 

The agreement is reasonable because the slopes of ·both the measured and 

calculated relative displacements are nearly identical. Figure 10-25 

similarly compares the- measured relative displacement in floor 

extensometer 51X-GE-Q0248 at El40/S1950 with the calculated values from 

the same numerical modeling. The slope of the in situ curve is 28 

percent steeper than the calculated value. This is probably because 

the numerical model assumes that the anhydrite layer in the floor of 

the drift as linearly elastic with infinite strength. This may not be 

true if ·the anhydrite has pre-existing fractures, and thus may not be 

able to absorb the heave from the salt below. 

Figure 10-26 compares the measured wall-to-wall closure at E140/S1879 

with the calculated wall-to-wall closure from the results of the same 

numerical modeling. The average slope of the curve from numerical 

modeling is nearly 43 percent steeper than the slope of the curve from 

measurement data. 

10.4 CONCLUSIONS AND RECOMMENDATIONS 

The following subsections present conclusions pertaining to validation 

of the dr1ft reference design and recommendations for design 

modifications. These are based on a comparison of the design criteria. 

design · bases and reference design configurations with the results of 

the analysis and evaluation of data collected during the design 

validation process • 
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10.4.1 · Conclusions 

The evaluation of field observations and analytical results shows that 

the design criteria were appropriate for design of the horizontal 

openings. The three criteria · identified as requiring specific 

evaluation, that the drifts remain within the required structural 
limits, provide maximum stability, and maintain the minimum required 
dimensions, were determined to be suitable. The reference design for 

the horizontal openings is therefore validated. 

Spalling from the roof and walls of the drifts and fracturing and · 

spa111ng at pillar corners will continue. Displacements and 

separations at clay seams above the roof may slowly increase. This 

deformational behavior is expected and can be controlled by scaling and 

rock bolting as necessary. 

The average bay strains determined· from the relative displacements of 

extensometer anchors 3 years after drift excavation are within 1 

percent. · The strain rates as well as the closure rates de~rease with 
time indicating that the drifts are stable. Based on the projections 

of closure rates, the drifts w111 .continue to be stable. 

Fracturing beneath the floor of the drifts is minor and has nowhere 

developed to near the degree as that beneath-the floor of Test Room 3. 

If additional fracturing develops in the future beneath the drifts, it 

is also expected to be minor. Based on experience in local potash 

mines, this type of fracturing is not expected to cause stability or 

operational problems. 

The comparison of measured closure behavior in drifts with different 

di~~ensiorrs indicates that the ~~aximum closure and closure rate will 

occur in 12 x 25-foot drifts. The closure rates are affected by the 

presence of nearby parallel drifts and crosscuts as well as differences 

in salt properties. Based on available measurement data and the 

results of 110deling analyses, the closure rate in the 13 x 25-foot 

.. 
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storage area drifts may be 30 percent greater than that of a single, 

infinitely long drift w1th the same dimensions (Chapter 12). ~ 

Analyses of salt behavior around the 25-foot wide drifts has detenmined 

the redistribution of stresses due to the effect of creep. Based on 
the computed vertical, horizontal and effective stresses, the stress 
which develops innediately after excavation is followed by relaxation 
due to creep behavior. According to. the analyses, stress should not 

cause future stability problems in the drifts. 

The analyses have also determine~ the locations of effective creep 

strain concentrations around the drifts at different· times. Based on 

the predicted values of effective creep strain and the strain limit 
discussed in Chapter 6, the drifts will remain· within the structural 
stability limits required, with respect to catastrophic failure, during 
the facility operating 11fe. Minor spalls from the roof and wall 

surfaces are·expected to occur. Analysis of observations 1n mines and 

discussion w1th mine personnel indicates that the surfaces of the 

drifts may start to deteriorate more rapidly after about 15 years. ~ 
Increased maintenance will then be required. 

10.4.2 Recommendations 

Based on the results of design validation of the drifts, it is 

reconmended that all drifts be inspected frequently for operational 

clearance and safety. If the clearance is insufficient, the drifts 

must be tr1nned · to the required dimensions. Trinning the floor to 

increase drift height 1s preferred over trinning the roof. Over the 

25 year operating 11fe, the roof should not be trimmed more than 

12 inches for drifts 25 feet wide or less. Trinning the roof more than .. 
12 inches would •ke the beam of salt too thin and increase the 
poss1blity of a roof fall. Further trinning must be accomplished from 

the . floor even. though this will decrease the thickness of the salt 

above MB-139. Scaling and rock bolting should be perfonmed where 
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. 
necessary for safety purposes. Periodic inspection of accessible open 

boreholes should be performed to monitor the occurrence and behavior of 

displacements. separations and fracturing in the salt above the roof 

and beneath the floor of the drifts . 
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11.1 INTRODUCTION 

CHAPTER 11 

TEST ROOMS 

The four test rooms comprise a t»anel with a configuration similar to 

that designed for the waste storage area. The test rooms were 

instrumented, observed and analyzed in order to evaluate the potential 

behavior of the storage rooms. This chapter presents the results of 

data collection activities in the ·test rooms and the analysis and 

evaluation of the data with respect to the behavior of the excavated 

rooms. The infomation presented here will be used in Chapter 12 to 

predict the future behavior of the st~rage rooms and to.validate their 

reference design. 

11.2 DESIGN 

The test rooms represent a portion of the storage room reference design 

configuration. The purpose of the test rooms is to provide 

geotechnical info~tion that can be used to predict the potential 

behavior of the storage rooms. Because they were excavated to pennit 

validation of the storage room reference design. and will not be used 

for pemanent storage. the test rooms were not specifically addressed 

in the Design Criteria document. The design criteria apply to the 

configuration of the storage rooms and, therefore, only indirectly to 

the configuration of the four-room test panel. 

No Design Basis documents were deve~oped specifically for the test 

rooms. Only two Design Basis documents (refs. 2-9 and 2-18) contain 

elements pertaining to the test rooms. These elements specify that 

test rooms shall be provided to verify underground conditions as 
• 

required by the SPDV Program and that their dimensions shall be 33 feet 

wide. 13 feet high and 300 feet long. All other design bases that 
j 

require evaluation are applicable to the storage rooms rather than to 

the test rooms • 
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11.3 DESI&H VALIDATION PROCESS 

The test rooca panel 1s the experimental model for the storage rooms. • 

Validation of the test panel reference design configuration 1s not 

required. The test room data and analyses presented in this chapter 
are the bases for validation of the storage rooms. Predictions of the 
future behavior of the storage rooms based on these data analyses are 
presented in Chapter 12. 

11.3.1 Data Collection 

Data collection in ·the test rooms consisted of the accumulation of 

geotechnical data from geologic mapping, core drilling, observations of 

deformational behavior and geomechanical instrument measurements. 

6eologic mappin~ and core drilling were performed in the four test 
rooms. The stratigraphy defined by the mapping and core logging is 

discussed in Chapter 6. Observations of in situ behavior and data from 
the geomechanical instn~~~entation progru are presented in the 

following subsections. 

.11.3.1.1 Field Observations 

Scae aspects of test ro011 behavior can only be evaluated by visual 

observation. Visual inspections of the rooms include observations of 

their general surface conditions in response · to stress redistribution 

and salt creep. These conditions include small spalls from the roof 

an~ walls, especially at the-ir intersection, and vertical fracturing at 
pillar corners and along the walls in response to pillar shortening. 

Field observations include other qualitative and quantitative 

techniques in .addition to visual inspections of excavation surfaces. 

Boreholes~ are surveyed using video cameras. Horizontal displacements 

and vertical separations of the geologic strata surrounding boreholes 

are determined using a probe, as described in Chapter 7, 

subsection 7 .3.1.4. Will surfaces of large diameter holes are 111pped 
by a geologis_t. 

• 

A qualitative determination of the conditions of the test rooms is made • 
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• 
by site geologists during an inspection of the rooms at least once 

every 3 months. These inspections have been documented in each GFDR 

starting with the February 1984 edition (refs. 4-12 through 4-19). 

Detailed descriptions of observed test room behavior are contained in 

each of these reports. 

As discussed in Chapter 10, an Excavation Effects Program was conducted 

throughout the underground facility during May through July 1986. This 

program was conducted to further characterize near-field deformation 

above and below the facility level. Ten arrays of boreholes were 

drilled in the roof and floor of the test rooms. The locations of the 

arrays are shown on Figure 10-1 in Chapter 10. 

The results of some of these observations are used in conjunction with 

the results of numerical analysis and in situ measurement data to 

Quantify the structural behavior of the· test rooms. The documented 

field observations can be separated into four categories: roof and 

wa 11 spa lling; pillar fracturing; roof displacements and separations; 

• and floor displacements, separations and fracturing. 

Roof and Wall Spa11inq. A sounding survey of the roof of each test 

room was conducted during and immediately after excavation. Only a few 

areas of drunmy rock were discovered . and · these · were · either removed or 

rock bolted. 

· The rooms have exhibited only minimal spalling over a period of 3 years 

since their excavation. The drummy areas originally found tn the roofs 

have not grown noticeably, but some additional areas have been 

discovered by subsequent roof soundings. Additiona 1 sea 1 ing and roclc 

bolting .have been performed in most of these areas. The most 

noticeable spalling 1s associated with the argillaceous halite unit 

(geologic map unit 4, Appendix 6, Figures 6-1 · through 6-4) high on the 

test room walls. This spall1ng is generally continuous but shallow. 

Some spa lli ng f ro111 the roof c 1 ose to the wa 11s has a 1 so been observed 

within the past year that has required support by rock bolts in 

• selected areas. 
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Pillar ~ractur1nq. Vertical fracturing has occurred in the comers 

for.ed by the intersection of drifts with the test rooms. The 

fractures have separations that range from essentially closed to about 
2 inches wide. They generally extend into the rock perpendicular to 

the rock surface for an unknown distance. All comers of the test 

rooms show fracturing and consequent spalling. The fractures first 

appeared in the pillar corners about 3 to 6 months after excavation. 
They started as thin, hairline fractures and have steadily grown in 

length, width and presumably depth. Each of the &FDRs document this 
gradual development of the fractures. Scaling of these corners has 

been performed periodically. 

Vertical fracturing has dev~loped in the pillars parallel to the room 
walls. This fracturing 1s relatively •1nor and, to date, has been 

observed only in Test Rooms 3 and 4. The fricturing has been detected 
in horizontal boreholes drilled into the walls and occurs within 
approxi~~ately 2 feet of the wall surface. The fractures range from 
closed to about 1/32 inch wide. 

Roof D1splace~~ents and Separations. Inspections of open boreholes in 

the test room roofs were conducted using a video camera and/or probe. 
The video camera produces high-resolution, color videotapes that are 

useful in identifying horizontal displacements and vertical 

separations. The probe is used in conjunction with a tape measure to 

detenaine the location and amount of .avement in . the boreholes. As in 

other areas of the underground facility, expected horizontal and 

vertical .avements of the geologic . strata surrounding the boreholes 

have been observed or •asured in the test rooms. These observations 
are summarized in Table 11-1 • 

. , 
Ten arrays of boreholes were drilled in the test rooms in May 1986 as 
part of the Excavation Effects Progru. These holes were used for 

additional investigation of test room roof displacements and 
separations. Each hole was inspected using a probe. Table 11-2 
presents a summary of the results of this study. 
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Table 11-1 

• TEST ROOMS 1 THROUGH 4 
RESULTS OF INSPECl'ION OF VERTICAL BOREHOLES IN ROOFS 

Hole 
Date Size Depth Approximate Observed 

Hole Completed (in.) (ft) Location Condition* 

IG-205 4-17-83 ~ 56 Room 1; 1 ft from D 
west wall 

IG-206 4-15-83 3 52 Room 1; 1 ft from D 
east wall 

16-203 3-26-83 3 52 Room 2; 1 ft from D 
west wall 

IG-204 3-83 3 52 Room 2; 1 ft from D 
east wall 

OH-3 8-83 4 20 Room 2 centerline S, F 

P4X-26 10-83 5 52.1 Room 4; N1360/W630 Hone 

P4X-30 12-83 4 50.9 Room 4; N1360/W630 s 

6 8 Room 4; N1360/W639 0, F 

• 5 g:!: Room 4 center; S(?) 
N1176 

* D • Displacement; S • Separation; F • Fracturing 
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Floor Displacements. Separations and Fracturing. Horizontal 

displacements. vertical separations and fracturing have been observed 

beneath the floor of the test rooms in boreholes. They have been 

observed to occur in MB-139 and in the overlying halite. Geologic maps 

of Test Room 3 (Room T) boreholes are presented in Appendix 6, Figures 

6-10 through 6-31. A sunmary of the results of the inspection of all 

small-diameter boreholes drilled in the floor of the test rooms is 

presented in Table 11-3. The inspections were accomplished using video 

equipment and/or a probe. 

The only prominent exposure of floor fracturing is in the 36-inch 

diameter boreholes drilled 1n the floor of the south half of Test 

Room 3 (Room T). A total of 22 holes were drilled 1n this area during 

September and November 1985 for the erection of structural steel 

columns. A drilling summary is presented in Table 11-4. The holes are 

approximately 7.2 feet deep. The bottom of many of the holes coincides 

w1th the occurence of clay E at the base of MB-139. The remaining 

holes were terminated above the base of the marker bed . 

The holes were logged on a 360 degree foldout at a scale of 1 inch to 1 

foot. All features were measured from a level reference line which was 

later surveyed to determine elevations. Fracture traces. fracture 

zones and hairline fractures, 1n addition to lithologic contacts, were . 

logged. A fracture tra'e is a distinct fracture surface exposed on the 

wall of the borehole. Fracture traces shown on the logs, unless 

otherwise noted, are closed·within a few inches of the wall surface. A 
fracture zone 1s an area on the wall bounded by distinct fractures. 

Rock within the zone is broken by numerous smaller fractures spaced 

less than l inch apart. The fractured rock is commonly broken out very 

close to· the wall surface of the borehole due to drilling. but becomes 

closed within l/2 to 2 inches of the wall surface. Locally, the zone 

is open or partially filled with drill cuttings. At a distance of 12 

inches from the borehole. the cumulative vertical separation measured 

over the length of the hole varies from. less than 1/4 inch to 6 

inches. The hairline fractures are closed fractures usually found 
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Table 11-3 

TEST ROOMS 1 THROUGH 4 • RESULTS OF INSPECTION OF VERTICAL BOREHOLES IN FLOOR 

Hole 
Date Size Depth Approximate Observed 

Hole Completed (in.> (ft) Location Condition* 

16-202 4-18-83 3 52 Room 1 ; 1 ft f rona D 
west wall 

6£-269 1-86 3 55 Roo. 1 centerline S, F 

16-201 3-26-83 3 52 Roo. 2; 1 ft fro11 D 
west wall 

H6-254 3-M 6 7 Roo. 2 centerline None 

6£-270 1-86 3 55 Room 2 centerline S, F 

2NPD-D1 2-86 5 8.9 Room 2; N1370 s, F 

MB-FI-D1 12-85 4 12.0 Ro011 3; N1309 D, S, F 

MB-FI-D2 12-85 . 4 12.0 R0011 3; N1309 D, S, F , 

MB-FI -D3 12-85 4 12.0 Ro011 3; N1309 D, S, F • 6E-271 1-86 3 55 Ro011 3 centerline · S, F 

P4X-D6 1983 5 9.0 Room 4; N1369/W625 D, S, F 

P4X-25 10-83 5 50.2 Ro011 4; N1360JW630 D, S, F 

P4X-27 10-83 5 51.1 Room 4; N1360/W630 D, S, F 

P4X-29 10-83 5 49.5 Ro011 4; N1360/W630 D, S, F 

P4X-31 11-83 5 50.4 Ro011 4; N1360/W630 D. S, F 

P4X-81 11-83 16 Room 4 o. s, F 

P4X-83 12-83 16 6.1 Room 4 S, F 

P4X-M' ~ 1-84 36 9.5 Roo. 4 D, S, F 

* D • Displacement; S • Separation; F • Fracturing 

• 
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Table 11-4 

• TEST ROOM 3 (ROOM T) 
SUMMARY OF DRILLIN6 

Page 1 of 2 

Date Dri 11 ing 
Hole Completed Fluid Connunication During Drilling* 

TV-Dl 10-25-85 Brine** 

TV-D2 10-28-85 Air 

TV-D3 11-D5-85 Air TV-Q7, TV-14 through 75• dipping 
fracture. TV-15 through fractures in 
halite close to surface on east side. 
Surface fracture close to east wa 11 25 
feet south of TV-Q3. No conmunication 
to TV-13. TV-17, TV-12. 

TV-o4 11-Q8-85 Air 

TV-DS 11-20-85 Air 

TV-D6 11-13-85 Air 

• TV-D7 10-29-85 Air TV-12 

rv-o8 11-19-85 Air 

TV-D9 11-21-85 Air 

TV-10 11-14-85 Air TV-13, TV-14, TV-17, TV-1 5, 
TV-D6, TV-11 

TV-11 11-11-85 Air 

TV-12 9-17-85 Air 

TV-13 10-Q9-85 Air TV-12, TV-15 

TV-14 10-11-85 Air TV-15 

TV-15 . . I 9-23-85 Air TV-19 

TV-16 9-30-85 Air TV-19, TV-20 
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Date 
Hole Completed 

TV-17 10-15-85 

TV-18 10-Q2-85 

TV-19 9-20-85 

TY-20 9-25-85 

TY-21 10-18-85 

TY-22 10-19-85 

Table 11-4 (continued) 

TEST ROOM 3 (ROOM T) 
SUMMARY OF DRILLIN6 

Drilling 
Fluid 

Air 

Air 

Air 

Air 

Air 

Air 

Page 2 of 2 

Communication During Drilling* 

TY-19 along .. in fracture zone 
on north-northeast side. 

TY-19 along main fracture zone 
on north-northeast side. 
TY-20 along .. in fracture zone 
on west side. 

• 

* Connunication is indicated by drilling dust emanating from • 
connected holes and detected by driller or geologist. 

** Source of brine encountered in TY-ol is clay E at base of M8-139. 
Driller noted that this clay and about 4 inches of the overlying 
anhydrite were moist in many holes. 

11-10 
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within fracture zones less than l inch wide. SOllie of these appear to 
be pre-excavation features .within MB-139 • 

Additional small-diameter boreholes were drilled into the test room 
floors as · part of the Excavation Effects Program. The 10 arrays 
sunmarized in Table 11-2 include three floor holes at each array. 
These holes were drilled primarily to determine if the fracturing 
observed in the 22 large-diameter holes in Test Room 3 extends to other 
areas beneath the test rooms. 

11.3.1.2 6eomechanical Instrumentation 

6eomechanical instrumentation in Test Rooms l through 4 initially 
cons 1 sted of 19 boreho 1 e extensometers, .16 hori zonta 1 inclinometers. 6 
vertical inclinometers, 4 sets of convergence points, 2 convergence 
meters, and 2 rigid-inclusion vibrating-wire stressmeters (Figure 
11-1). These instruments, with the exception of the inclinometers and 
convergence points, were connected to the datalogger system on May 13, 
1983 . 

Due to failure for various reasons, some instruments in the test rooms 
had to be replaced. Those instruments replaced include both 
stressmeters in Test Room 2 and the extensometers in the floor of Test 
Rooms 1, 2 and 3. The history of instrument performance and 
maintenance is discussed in the 6FDRs. 

Figure ll-2 shows the instruments in each test tuom and the excavation 
dates at the instrument locations. Because the excavation of each test 
room required about 10 days to complete, it was d1fficult to assign a 
single date of excavation for some instrument locations. Table 11-5 
presents the dates of excavation used for plotting and analysis of the 
test room data. 

11.3.2 Analysis and Evaluation 

This section discusses the analysis and evaluation of the results of 
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f1e1d observat1ons and in s1tu measurement data. The results of 

numerical mode11ng of the test rooms using in s1tu measurement data are 
.. 

also presented. In addition, regression analyses of the ·closure rate 

obtained from the closure measurements were also performed. The fitted 

equations were used to supplement the prediction of closure behavior in 
the storage rooms and are discussed in Chapter 12. 

11.3.2.1 Observed Conditions 

Roof and Wall Spa111ng. Minor spalling from the roof in the test 
rooms, resulting in shallow druaay areas, has occurred as expected. 

D~ummy areas usually occur within 3 to 6 inches of the roof in areas of 

clear halite not associated with any noticeable clay. Separations 
occur along local planes of wealtnes·s in the halite, probably created by 

the orientation of crystal surfaces. This same phenomenon occurs in 
the drifts; D~ areas have been identified immediately after 

excavation and additional areas have developed since that time. These 
later-occurring drummy areas appear to develop primarily along the roof 

within several feet of the walls. 

Spalling along the walls of the test rooms is a result of local stress 

concentrat1ons and the low tensile properties of salt. It is also 
related to the percentage of argillaceous material in the halite and to 

the proxim1ty of floor and roof intersections. The squeezing of clay F 

at the upper contact ef geologic IDIP unit 4 is associated with the 

spa111ng phenomenon. Minor spalling is also associated with map 

unit 0, near the floor. 

Pillar Fracturing. . Vertical fracturing in the pillars 1s the expectea 

result of ro011 defol"'lltion and stress concentrations. The fractures 
. ~ 

that have developed in the walls of the test rooms, parallel to the 
rooras. are considered to be tension fractures resulting from stress 

relief. Fractures detected in boreho 1 es drilled 1 n the upper portion 
of geologic IDIP unit 4 are related to the -spa111ng occurring in this 
unit. 
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Horizontal inclinometers 1n the test room walls show both upward and 
downward vertical movement toward the center of the wa 11 (Appendix J, 

Figures J-320 through J-335). Although no displacements have been 
observed, the inclinometer data indicate that the salt has moved toward 
the central horizontal axis of the room. This movement, due to 
vertical compressive stress and salt creep, is discussed further in 
subsection 11.3.2.2. Tensile stresses resulting from this salt creep 
and pillar shortening have caused fractures to lengthen and widen and 
new fractures to develop. Fractu~ing is more prominent at pillar 
corners that were not beveled to the 4 x 4-foot design. 

Fracturing parallel to the room walls will continue to occur. Spalling 

and local failure will also continue at pillar corners and will require 
periodic maintenance. 

Roof Displacements and Separations. The displacements observed in 

various open boreholes in the test room roofs are the result of 
deformation around the openings. The halite at the storage horizon is 
interrupted by anhydrite beds and · thin clay layers. These layers, 
particularly anhydrite •b• and the underlying clay 6, are directly 
associated with the displacements observed in the test room roofs. 

Lateral displacement in the salt above the test rooms is similar to 
that detected above the drifts. The halite bounded by the roof and· 
clay 6 moves toward the room center relative to the upper layers of 
salt. The movement is. however, not exactly symmetrical about the room 
centerline. This is confirmed by inclinometer readings in the roof of 
Test Rooms 1 and 2 which show that the lateral movement of the salt 
close to the roof is greater to the west than to the east (Appendix J, · 

Figures ~-316 through J-319). However, this·trend is reversed at about 
32 feet above the roof of the test rooms. The halite comprising the 
lower roof beam is subjected to horizontal compressiv~ stresses 
resulting in shear along clay 6 and possible vertical separation as the 
beam moves downward. Some casing deformations have also been observed 
within 1 foot of the hole collar of the roof inclinometers. The 
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relative ~mvement here 1s opposite to that observed above and is 

probably due to the near surface halite resisting .the .shear movement 

along clay 6. 

Movement within the halite below clay 6, opposite to that found 

elsewhere, has been observed in one borehole in Test Room 4. This may 

be the result of movement along existing planes of weakness in the 

halite or of the resistance of the halite to shear movement along 

clay 6. 

• 

The current results of the Excavation Effects Program indicate that 

min.imal separation or fracturing has occurred at clay 6 or in the 

underlying halite ·above the test ro011 roofs. In Test Rooms 3 and 4, 

separations less than 1116 inch wide have been observed. No separation 

has been observed . at clay 6 • . In the array of holes comprising 

Section 5 in Table 11-2. above the 36-inch diameter holes in the floor 

of Test Room 3 (Room T), no separations or fracturing were detected. 

In hole C of Section 4 in Test Room 3, two 1/4-inch .vertical 

separations ·were found within 1 foot of the roof. These fractures • 

resulted from roof spalling. 

Similar small separations were observed in the roof of Test Rooms 1 and 

2. Also, fracture zones (in one case 2.4 inches- wide) were detected in 

the halite bel~ clay 6 in the center hole of three of the four arrays. 

Floor Displacements. Separations and Fracturing. The only prominant 

display of fracturing observed ~·throughout the entire WIPP undergrounc 

facility during design validation has been in the area of the 36-inch 

diameter holes drilled in the floor in the south half of Test Ro• 3 

( Ro011 T) .~ Cross sections of the ro011 floor through these holes are 

presented in Appendix 6, Figures 6-33 and 6-34 . Two distinct fracture 

zones are evident. · The first is a dish-shaped zone that angles 10 to 

20 degrees downward froca near the ro011 walls, intersects MB-139, and 

flattens near the ro011 center. This zone is .est pronounced along the 

series of holes shown on Figure 6-34. In the 
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northern cross section (Figure 6-33), this fracture zone is evident in 

the holes west of the room centerline but 1s not present in the holes 

east of the centerline. In both sections, this upper fracture zone 

•daylights• at the floor surface or pinches out before reaching the 

room pillars. 

A second fracture zone, dipping approximately 50 to 60 degrees from 

horizontal and exposed in the holes closest to the room walls, occurs 

below the upper fracture zone. This lower zone is more regular and 

planar than the upper zone. With the exception of one hole, this lower 

zone occurs entirely within MB-139 and is more developed on the west 

side of the room. 

In addition to the two major fracture zones, some subhorizontal 

fracturing is present just above clay E at the base of MB-139. This 

fracturing is most evident in the holes closest to the room 

centerline. No separations along clay E were observe.d in any of the 

holes . 

Communication between holes during drilling was observed and is 

described in Table 11-3. During the drilling of hole TV-Q3, drilling 

dust was ob~erved coming up through a surface fracture close to the 

east wa 11, 25 feet south of the hole · location~ · · · 

A series of measuring pins were· installed in two open holes, TV-Q3 and 

TV-19, 1n late January 1986 to monitor movements within the holes. The 

pins were installed in MB-139 and in the overlying halite and straddle 

the fracture zones. Measurements taken until the holes became 

inaccessible in June 1986 indicated that some small-scale dilation was 

occurring in both of the holes. 

The fractures observed beneath the floor of Test Room 3 are directly 

related to the excavation geometry and the stratigraphy. Some 

fractures within MB-139 may have been pre-existing but have opened 

since room excavation • 
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Three 4-1nch d1ueter holes were drilled 1n the north half of Test 

Room 3 to detenaine if fracturing is occuring there. These holes were 
drilled to a nominal depth of 12 feet below the floor. A thin fracture 

zone was detected within 1 1/2 feet of the floor in two of the holes 
and minor fracturing was detected in MB-139 in all of the holes. This 
fracturing is significantly less developed than that observed in the 
south half of Test Room 3. 

The 22 large-diameter holes in Test Room 3 were drilled late in 1985. 

They are. therefore, too recent to document any lateral displacements 

along the observed fractures. However, other older floor boreholes do 
indicate relative displacement. In Test Room 4, boreholes P4X-D6, 

P4X-25, P4X-27, P4X-29 and P4X-31 a 11 show IIUltiple displacements and 

vertical separations (Table 11-2). These are pri111r1ly within MB-139 
and exhibit up to 2 inches of lateral displacement and up to 1/2 inch . . 
of vertical separation. These five . holes are near the room 

L 

centerline. The relative movement of the multiple displacements 

observed is complicited and does not follow the si~ler interpretation 

of the roof displacements. The .,st significant displacements in all 

of the holes have taken place closest to the floor surface and, in all 

cases, ·the salt above the fracture has moved east relative to the 

underlying salt. Inclinometers 16-202 and . 16-201, in Test Ro~ 1 

and 2, also exhibit similar relative displacement. Both of these 

inclinometers are on the west side of their respective test rooms. The 

111rker bed and the overlying salt have moved east towards the room 
centerline relative to the underlying salt. f!'ovement is apparently 
along clay E and 1s approximately 3/4 inch. 

Although no detailed investigation of the salt beneath the test room 
pillars has been performed, the Test Room 3 fracture 111pping indicates . ~ 

that it 1s unlikely that fractures extend beneath them to any 

significant extent. Ne1.ther of the two fracture zones identified can 
be traced into the pillars. The upper fracture zone pinches out prior 

to reaching the walls or daylights at the floor surface. The lower 

fracture zone cannot be traced beyond the ho 1 e WI 11 S, but it iS not 
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suspected of continuing beneath the pillars. One small diameter hole 

was drilled at an angle into each of the walls of Test Room 3 in May 

1986. Except for a localized clay break at a depth ·of 3.2 feet, there 

was no evidence of separation. 

Fractures and separations have been observed in four large-diameter 

holes drilled in the floor in the south end of Test Room 4. Fractures 

were observed in these holes during drilling in November 1983 and 

January 1984. The fracturing was minor, however, with no separations 

observed. One hole became inaccessible soon thereafter. Fractures in 

the other holes have been observed to increase in number and to exhibit 

separation (Table 11-2). Fractures occur in the marker bed and in the 

overlying halite. Because two of the holes have restricted access, 

monitoring of the fractures is difficult. Borehole P4X-84, in the 

southwest corner of Test Room 4, was mapped in February 1986 and the 

results are shown in Appendix 6, Figure 6-32. The separations and 

displacements in P4X-84 over the 2 year period since excavation are 

small in comparison to those in the floor holes in the south half of 

Test Room 3 • 

A low-angle fracture in the floor of Test Room 2 was observed in August 

1985. An inspection in June 1986 showed that it extended from 

approximately N1242 to N1208. This fracture daylights at the floor 

surface, 1. 5 feet to 6 feet from the west wall, and extends 2 feet 

below the floor surface toward the east. Approximately 8 to 10 inches 

of separation 1s present along this fracture, and approximately 25 

square feet of floor in the vicinity of this fracture sounds drummy. 

As part of the Excavation Effects Program, a series of holes were 

drilled in each of the test rooms to determine the extent of floor 
• 

fracturing and for future monitoring of this phenomenon. Existing 

boreholes, such as those in Test Rooms 3 an~ 4, were utilized where 

possible. The locations of the holes are shown on Figure 10-1 in 

Chapter 10. These holes were inspected using a probe and the results 

are sUJIIIIIrized in Table 11-2. The holes exhibited some fractures and 
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separations. The dish-shaped fracture profile observed in the holes 

Test Room 3 was also found in so. of the hole arrays. although an a • 
IIUCh smaller sea 1 e. It was 1110st pronounced in several of the hales 

close to the room walls where s~parations were estimated to be a 

maximum of 6 inches. 
1/8 inch to 3 inches. 

In ather locations. the separation ranged from 

Within MB-139. fractures and separations found 

in the central holes of the Test Room 1 array ranged from approximately 
l/8 inch to 3 inches. For other hale arrays. the Mximum separations 

were l/2 inch and. again. these were found in the central holes. 

Horizontal displacements and vertical separations have been observed in 

various small-diameter boreholes in the test room floors. Horizontal 

displacements up to 2 1/2 inches and vertical separations estimated to 
be up to 1/2 inch wide were present in scae of these holes. Multiple 

displacements in single boreholes were also present. The horizontal 

displacements and vertical separations found in many of the hales are 

within MB-139 or coincide w1th the lower contact of this unit. These 

displacements and separations have developed since room excavation. 
although some of them may have developed along pre-existing planes of 
weakness in the marker bed. 

In addition to observations 111de in open boreholes. ground-penetrating 
. . . 

radar and gas permeability testing have been conducted in same of the 

test rooms. A radar survey was conducted in Test Rooms 2 and 3. The 

radar •thad .has so. li•itations. It appears to be efiective in 

locating the first reflector such as a fracture or clay seam beneath 

the floor. but the structure below this is not easily distinguished. 
MB-139 is readily defined on the records but fractures within it cannot 

be discerned • 

.. 
Zones of relatively high permeability have been found to develop 

i~~r~ediately beneath the floor of the tes~ roa.s and beneath the 

intersections of Test Roams 1 and 2 with \he Nl•20 drift. · There also 
appears to be a slight increase in per"'leab11ity. relative to background 
values. w1thin MB-139 and i._diately beneath the floor of the N1420 
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dr1ft between Test Rooms 1 and 2. Some increase in penneab111ty also 

appears to occur in MB-139 near the center of the pillar ~etween Test 

Rooms 2 and 3. This data 1s only preliminary, however, because only 

one hole intersecting MB-13~ beneath the pillar has been drilled and 

tested for permeability. 

Gas tr · ~r measurements performed along the centerline in the north 

half of Test Room 2 and across the N1420 drift to Room L2 indicate the 

existence of fracturing beneath the- floor. A video survey of the 

boreho 1 es used for the tracer tests shows the presence of fracture 

zones and separations mainly within MB-139. Holes tested along the 

:;1420 drift, except at intersections, show little increase in 

background permeability. A video survey of these holes did not show 

any separations or fracturing. 

In sunrnary, subhorizontal fracturing has developed beneath the test 

room floors. The majority of this fracturing occurs as single 

fractures or thin fracture zones within MB-139 and the overlying 

halite. Horizontal displacements ranging up to 2 inches and 

separations generally ranging up to 1/2 inch have been measured in 

small diameter boreholes. Separations up to 6 inches have been observed 

1 oca 11 y. On 1 y the south ha 1 f of Test Room 3 (Room T) in the WI PP 

underground facility has exhibited extensive fracturing beneath the 

floor. 

The Excavation Effects Program was designed in part to determine if 

fracturing similar to that occurring beneath the floor of Test Room 3 

has developed in other areas of the facility. The results of this 

·program show that, although small-scale fracturing is occurring beneath 

all of the test rooms, no other areas of fracturing have develo~ed on 

the same order of magnitude as that in Test Room 3. The fracturing 

occurring beneath the floor of Test Ro011 3 appears to have existed 

prior to drilling. The stress changes induced by the size and number 

of holes drilled in this area probably exacerbated the existing 

fractures . 
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11.3.2.2 Closure 

Roof-to-Floor Closure. Figure 11-3 shows the relationship between 

measured roof-to-floor closure and the elapsed time since excavation of 

the four test rooms. as detenained from convergence meter and 
. convergence point data. Because of differences in time-lag between the 

end of excavation and the time of the initial readings. the relative 

positions of these curves are deceptive. For analysis purposes. the 
roof-to-floor closure that occurred before installation of the 

convergence instruments was deten~ined using equation 10-1 in 
Chapter 10. 

In add1t1on. part of the measure.ent data froll the temporary 

convergence points were added to the penaanent convergence instrument 
data to obtain approximate values of the actual roof-to-floor closure. 

Table 11-6 shows roof-to-floor convergence point readings and adjusted 

closure magnitudes for the test rooms. Item 7 1n this table shows the 

approximate roof-to-floor closure obtained by adding suitable portions 

of the temporary convergence point readings to the readings of the 

penmanent convergence instruments. 

It 1s apparent that the fracturing observed in the floor of the test 

rooms. and vertical separations in the roof. have contributed to the 
tota 1 roof-to-floor closure. However. based .. on measured cumulative 
vertical separations in September 1985. the contribution of floor 

fracturing to the total roof-to-floor closure is not more than 1 inch. 

The total esti.ated closure (ite. 9 in Table 11-6) includes the values 

of early closure esti.ated by using equation lD-1 1n Chapter 10. Based 
on the indicated additive values. the maximum roof-to-floor closure of 

approxi111tely 16 1/2 inches through June 1986 occurs in Test Rooms 2 
and 3. Test Ro011 4 has undergone the least roof-to-floor closure. 

Figure 11-4 shows the .adjusted roof-to-floor closure values as a 
function of ti.e. 
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(1) [XCavatton period 

(2) Date of first reading of t..,orary 
convergence (TC) points 

(3) Date of first reading of pe~nent 
convertenct (IC and Cl) tnstru.ents 

(4) ~eadtng of TC points (Inches) 
· ~ date Indicated 

~ 
~ 

I (5) leading of IC and CE tnstru.ents N 
liD (Inches) on date Indicated 

(6) Total elapsed days of c~tned 
TC and IC .. asure .. nts 
(Date for (5) - Date for (2)) 

(J) .Total .. asured closure (Inches) 
((4) + (5)} 

(8) [stl .. ttd closure (Inches) by 
regression analysts for the period 
of (2) - (1) 

(9) lotal estt .. ted closure (Inches) 
(( J) + (I)} 

• 

Tlblt 11-6 

1£ST ROOHS 
ROOF-10-FLOOR CLOSURE COMPARISONS 

Test 82011 
I z ~ 

April 3-13 March 9-20 March 24-Aprtl 3 
1913 1183 1983 

Aprtl U, 1tl3 March 21, 1983 Apr t1 4, 1983 

April 20, 1983 March 29, 1983 Aprt 1 J, 1983 

0.84 0.88 0.40 
Aprt 1 20, 1983 March 28, 1983 Aprtl J, 19B:r 

13.11 12.20 13.13 
June 13, 1986 June 13, 1986 April 28, 1986 

115J 11J9 1120 

13.95 13.08 14.23 

2.39 3.J2 2.1J 

16.34 16.80 16.40 

• 

~ 

April 15-25 
1983 

Aprt 1 26, 1983 

May '· 1983 

0.45 
May 5, 1983 

10.6l 
Aprtl 28, 1t85 

1098 

11.0J 

1.32 

12 .39 
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Figure 11-4 shows that the closure rate generally decreases with time, 
except for occasional increases due to disturbances from nearby 
excavations. Provided there are no additional perturbations in and 
around the test rooms, it is likely that the rate of closure will reach 
a steady state value. It is possible to get an estimate of the rate of 
closure using either a phenomenological rheological model or an 
empirical model that is essentially a curve-fitting procedure. Both 
methods have been attempted. Numerical methods using the 
phenomenological approach are discussed in Chapter 5. 

Closure rates rather than measured closure are used in the empirical 
approach &ecause measured closure is not absolute. Early closure 
measurements are not available because the 1nstraaents could not be 
installed 1aaed1ately after excavation. However, the calculation of 
closure rates is not affected by the lack of early measurements. The 
closure rates are calculated by assuming a linear relationship between 
closure and elapsed time over a short interval. This time interval has 
been arbitrarily chosen as a minimum of 7 days. 

· Because it is exoected that the closure rate will initially be 
relatively high and then decrease to a steady rate, the following 
equation was used: 

where: 

C(t) • _!_ + C (1 -e-at) 
tn c 

(11-1) 

C(t) is the closure rate at elapsed time t after excavation; 
A, a and n are constants which depend upon the deformation 
characteristics of the salt, initial stress regime and 
di .. nsions of the opening; and 
~cc 1s the steady state closure rate. 
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The value of C(t) is obtained by arbitrarilY. choosing a time interval 
of not less than 7 days. If Ri is the closure reading at calendar 
time ti and Ri+l is the closure reading at ti+1• then 

Ri+1 - Ri 
C(t) • At ( 11-2) 

where: At • (t. 1 - t 1) ~7 days 
. 1+ 

( 11-3) 

The value of t is defined as: 

(11-4) 

A regression analysis, which is the fitting of an equation like 11-1 to 
the set of [C(t),t] data points, was performed using NLIN, a 
connercially available statistical software package (ref. 11-1). The 
general method used to estimate the constants, herein called the 
regression parametei"'S, was to minimize the sum of the squares of the 
differences between the actual measured values and the values predicted 
by the proposed equation. 

Equation 11-1, a nonlinear equation, cannot be converted into linear 
form. The statistical software NLIN employs iterative methods that 
attempt to find least-square estimates . for. nonlinear models. The 
methods commonly employed are the 6auss-Newton technique and the .. 
Marquardt COIIIPro111 se technique (ref. . 11-2). However. the requisite 
partial derivatives of the equation with respect to the parameters must 
be specified. In many cases, the Marquardt compromise, which is 
considered to work well in many circumstances, gives a better estimate 
and provides quicker convergence of the values of the regression 
par~tei"'S. However, nonlinear regression analyses •Y not always 
result in good estimates of the regression parameters. In addition, 
the analysis tacitly assumes that the regressor variables are measured 
without error. Thus. the observations, which in this case are the 
values of C(t). were not weighted • 
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Figure 11-5 tOIIIPares the roof-to-floor closure rates for Test Room 1 

calculated by equation 11-1 to the values calculated using the fitted 

equation 11-2. The data used was obtained during the first year 
following the completion of excavation. The regression analysis showed 
that. for all practical purposes, equation 11-1 could be simplified as 

A 
C(t) • n + Cc 

t 
{11-5) 

because the value of •a • obtained fi"''OI the regression analysis was 
- · -at 

large enough to Mke tne terw e cQIIParathely negligible. The 
fitted equation for the roof-to-floor closure data in Test Room 1 has 

. the fo,.. 

206.58 -5.27t 
C(t) • tO.I4 + 2.24(1-e ) inches/year {11-6) 

where: t is the elapsed ti .. in days since excavation. 

However, as sh~ by·equation 11-5, equation 11-6 can be approximated as 

C(t) • t~~a!8 + 2.24 inches/year {11-7) 

The 11ethod used was the Marquardt COIIIPI"''OIIi se technique. The 

coefficient of deten.ination is 0.99. 

the analysis was repeated later using roof-to-floor closure data at 

980 days (2.68 years) after the completion of excavation. The 
regression equation was 

211.16 
C(t) • t 0•85 + 2.44 inches/year (11-8) 

The steady state closure rate deten.1necl using the first year of data 
only is 9 percent less than the rate deten.ined by using 2.68 years of 
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data. A third analysis. using 3 years of ~asurement data. up to June 

1986, gave 

208 
C(t) • t 0.85 + 2.40 inches/year (11-9) 

Equations 11-7. 11-8 and 11-9 show the consistency of the regression 

parameters for different input data sets. 

Figure 11-i shows the predicted roof-to-floor closure rat.e for Test 

Room 1 as a function of elapsed ti~ in .years using equation 11-9. 

Based on equation 11-7. the roof-to-floor closure rate at the end of 

25 years 1s expected to be approxiutely 2.34 inches/year. Using 

equation 11-8. it·. w111 be 2.53 inches/year or 2.49 inches/year using 

equation 11-9• 

Figures 11-7 through 11-10 show · the fitted curves based on 

roof-to-floor closure rates calculated fro. equation 11-2. using data 

up to June 1986. To get an approxiMte idea of the roof-to-fJoor 

closure for periods of ti.e greater thad 1 year since the completion of 

excavation. equatton 11-7 was integrated w1th respect to ti• between 

the li•its of 1 year and ti.a t 2 (in years) to yield 

. 0.147 
R(t) • 0.78(t2 - 1) + 0.20(t2 - 1) (11-10) 

Figure 11-11 shows the predicted roof-to-floor closure in feet for Test 

Ro011 1 (excluding that Which has occurred in the first year after 

excavation) as a function of ti.a in years. According to this 

prediction. 25 years after excavation this value w111 be 5.34 feet. A 

si•ilar analysis using equation 11-9 gave a value of 5.3 feet. 

Table 11-7 1s a s.-ary of the results of the nonlinear regression 
analyses for the roof-to-floor closure rates in the test room using 

3 years of •asuraent data. The paraeters contained in this table 

are applicable for an elapsed ti• expressed 1n years. For Test 

R0011 4, the regression analysis using only the pen~~nent convergence 

point data :1CI not produce satisfactory results. The analysis was 
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Description 

Table 11-7 

TEST ROOMS 
SUMMARY OF RESULTS OF REGRESSION ANALYSES 

FOR ROOF-TO-FLOOR ClOSURE RATES 

Test Room 
1 2 

Regression Parameters** 

3 

A 208 1218 311 

n 0.85 1.22 0.83 

Cc 2.40 2.26 1.56 

r2 0.99 0.98 0.94 

Note: Analyses based on data obtained through June 1986. 

* Data used for regression analysis includes data from temporary 
convergence points. 

A ** Equation is: C(t) • --- + C 
tn c 

where: C(t) is closure rate in inches/year; 
A and n are constants; 
t is elapsed time in days; and 
Cc is steady state closure rate. 

r2 is the coefficient of detenaination • 

11-41 

4* 

85 

0.69 

1.98 

0.97 



repeated with the inclusion of temporary convergence point data. and 

produced good results. The results of . the regression . . analysis of 

roof-to-floor closure rates discussed in this subsection are used in 
Chapter 12 to define the bounds on the roof-to-floor closure rates for 
the storage rooms. 

Wall-to-wall Closure. Figure 11-12 sunnarizes the measured 
wall-to-wall closure naagnitudes for the test rooms. Because of the 

lack of early 11easurements. the relative positions of the individual 

curves are not absolute. Table 11-8 presents an esti .. te of the actual 

wall-to-wall closure for the four test rooms. The approach is similar 

to the one used for estimating the actual roof-to-floor closure 

values. The maxiaum wall-to-wall closure occurs in Test Room 3· and is 

about 13 inches. The •inimum wall-to-wall closure is about 9 inches in 

Test Room 4. 

The regression analysis of wall-to-wall closure rates for Test Room 1. 

using measurement data up to June 1986. shows that the equation has the 

fonD 

202 
C(t) • t 0.94 + 1.75 inches/year (11-11) 

where: t • elapsed time in days since excavation. 

Comparing equation 11-11 with equation 11-9. the long-term wall-to-wall 

closure rate will be 73 percent of the roof-to-floor closure rate. 

Table 11-9 1s 1 suaaary of the results of the regression analyses for 

the wall-to-wall closure rates in Test RoOIIS 1 through 4. The closure 

rate values determined frail temporary convergence point readings were 

included in the analysis of Test Room 2. The fitted curves for Test 

Rooms 2 and 3 are relatively poor. Figures 11-13 through 11-16 show 

the fitted equations for the wall-to-wall closure rate versus elapsed 
ti11e curves for Test Rooms 1 through 4. 
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(1) lxcavatloa period 

(2) late of first rtadlnt of t..,.rar~ 
converttnce (It) points 

(3) late of first readlnt of pe~nent 
convtrttnce (It) points 

(4) lleadlnt of Tt points (Inches) 
on datt Indicated 

~ - (5) lleadtnt of It potnts (Inches) 
J.. on date Indicated ... 
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1.41 
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Table 11-9 

TEST ROOMS 
SUMMARY OF RESULTS OF REGRESSION ANALYSES 

FOR WALL-TO-wALL CLOSURE RATES 

Test Room 
Descr1pt1on 1 2• 3 

Regression Constants .. 
A 202 222 231 

n 0.94 0.79 0.83 

Cc .1. 75 0.30 0.74 

,.2 0.96 0.95 0.92 

Analyses based on data obtained through June 1986. 

• Data used for regression analysis includes data from temporary 
convergence point~. 

A .. Equation is: · C(t) • - + C 
tn c 

where: C(t) is closure rate 1n inches/year; 
A and n are constants; 
t is elapsed time in days; and 
Cc is steady state closure rate. 

r2 is the coefficient of determination • 

• . 1 
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Table 11-10 is a summary of the collar readings from the wall 

multiple-point b9rehole extensometers in the test rooms. Because the • 

extensometers could not be installed as soon as the excavation · was 

completed. the collar readings do not reflect absolute closure. The 

table also shows the sum of the collar movements from both the east and 

west walls in each of the rooms except Test Room 3. which has no 

extensometer in the west wall. The last two col1.1111ns of this table 

permit a comparison of the sum . of the collar movements with 

wa 11-to-wa 11 convergence point readings. Idea 11 y. providing the sa 1 t 

is homogeneous, the central vertical lines of the pillars between Test 

Rooms 1 and 2 and Test Rooms 2 an~ 3 should be lines of . synnetry with 

zero lateral strain. The deepest anchor at 50 feet· for extensometers 

51X-6£-o0213 and 51X-6£-o0215 should be expected to undergo negligible 

displacement. · Therefore. the sum of the collar 110vements for Test 

Rooms 2 and 3 should be approximately the same as the wa 11-to-wa 11 

convergence point readings. As shown in Table 11-10, this is the case 

for Test Room 2. Exact equivalence is difficult to obtain because the 

collars of the extensometers are recessed into the wall by variable 

amounts and the time-lag between the end of excavation and the date of • 

initial reading is not the same for the extensometers and the 

convergence points. 

Comparison of Roof-to-Floor to Wall-to-wall Closure Rates. Table 11-11 

presents recent roof-to-floor and wa 11-to-wa 11 closure rates for the 

test rooms. The rates were calculated using convergence point readings 

with a time interval of approximately · 1 month. Based on these 

readings. the average wall-to-wall closure rate is approximately 68 

percent of the roof-to-floor closure rate. 

11.3.2.3 .. Defonaation 

An indication of the deformation of the salt around the test ro~ may 

be obtained by ca.paring inclinometer measurements around a room. 

Figure 11-17 shows the c.-,lative. nteasurements from the four wall 

inclinoateter$ located around Test Room 3 through March 6, 1985. The 

inclinations are measured along the plane . of the cross section. • 
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Table 11-10 

TEST ROOMS 

• 

WALL EXTENSOMETER COLLAR MOVEMENTS VERSUS CONVERGENCE POINT READINGS 

Test 
Room Extensometer Locatton -
1 SlX-GE-00217 East wall 

SlX-GE-00219 West wa 11 

2 51X-G[-00213 East wall 
SlX-GE-00215 West wall 

3 51X-GE-00211 East wall 
· West wa 11 

4 51X-GE-00206 East wall 
SlX-GE-00208 West wall 

*from (5) tn Table 11-8. 
**from (7) tn Table 11-8. 

Readings on 
June 1 J. 1 !ltsb 

( t nches) 

3.16 
4.20 

4.95 
4.57 

4.17 

l.26 
2.69 

Sum of East & West 
Readtngs (tnches) 

7.36 

9.52 

5.95 

Wall-to-Wall 
Convergence Point 

Readings on 
June 16. 19U6 (tnches) 

8.82* 

9.18** 

!1.~4· 

b.J!I* 



Descrtptfon of 
Closure 
locatton 

Roof-to-Floor 

Readtng/Date 12.88/May 16, 1986 

_, Re~dtng/Date 13.11/June 13, 1986 
_, 
I Dt fference t n 0.23 tnch "' N readings 

TtiM! interval 28 days 
• 

Rate (Y) 3.00 1nch/yr 

Wa 11-to-W a 11 

Readf ng/Da te 8.63/May 19, l9Ub 

Readtng/Date 8.82/June 16, 1966 

01 fference 1 n 0.19 fnch 

•• 

Table 11-11 

TEST ROOMS 
ClOSURE RATE COMPARISONS 

Test Room 

12.03/May 16, 1986 . 13.65/Mar. 24, 1986 

12.20/June 13, 1986 13.83/Apr. 28, 1986 

0.11 tnch o. 18 tnch 

~~~ days ~7 days 

2.22 tnch/yr 2.4J tnch/yr 

5.72/May 1~. 1~Ub 8.~0/Mar. ~4. 1986 

5.82/June 16, 19U6 ~.03/Apr. 28, 1986 

0.10 1nch u. 1 J f nch 

• 

10.39/Mar. 24, 1986 

10.62/Apr. ~8. 1~86 
,.. 

o.~l inch 

27 days 

3.10 tnch/yr 

b.U9/Mar. 24, 1986 

b.22/Apr. 2&, 1986 

U.lJ 1nch 

• 
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Figure 11-18 shows the inclinometer behavior around Test Room 4 through 

March 6, 19E . The initial read~ngs from , ,.these inc11n~ters were • 

taken 9 to 15 days ~fter the completion of excavation in the test 

room. The current readings indicate that the maximum relative vertical 

deflection is on the order of 1 inch over a length of 12 feet. 

The inclinometers near the roof show ve~ical downward deflection while 

those near the floor indicate upward deflection. This indicates that 

the central multiple-point borehole extensometers located in the walls 

of the test ro~ probably undergo negligible vertical deflection. 

11.3.2.4 Bay Strains 

Relative movements between anchors of the multiple-point borehole 

extensometers will provide an approximate distribution of salt 

deformation around the excavated openings. The relative displacements 

are normalized over the spacing between anchors and ~re · tenaed •bay 

strains•. The bay strain is approximately the average axial strain 

between any two anchor points and will be closer to· the true strain 

provided that the spacing between the anchors 1s small and that the 

deformation varies linearly with the spacing between the anchors. Bay 

strains are useful in detecting any anomalous behavior in the salt 

around an opening, such as that influenced by discontinuities, clay 

seams, or the effect of local stress concentrations. 

Figure 11-19 shows the strain between the collar and anchor A for the 

roof extensometers in Test Room 1. The.distance between the collar and 

anchor A is 5 .feet. The axiiiUII strain occurs at the east and west . 

sides of the roof of the test room and 1s equal to approximately 

4 percent through June 19B6. A 1 though the roof sag, as depicted by 
~ 

collar .,vement, is higher at the center of the rooms than at the 

sides, the bay strain 1s higher at the sides . than at the center. As 

discussed in subsection 11.3.2.5. the numerical modeling a~so indicates 

higher strain at the roof and wall intersections. Figure 11-20 shows 

the vertical strain rates for these s111e extensometers. The rates are 
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Figure 11-18 

TEST ROOM 4 
WALL INCLINOMETER BEHAVIOR 
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generally decreasing with ti.e. As with the strains, the strain rates 

are higher close to the pil iars. . • 

Figu.res K-37 through K-46 in Appendix K show the bay strains in percent 
as a function of elapsed time since excavation for all of the test 
rooms. To monitor more closely the separation across the clay seam at 
the base of anhydrite •b•, the spacing between anchors A and B in Test 
Rooms 1 and 2 is 1 foot. Currently, the maximum strain occurs between 
anchors A and B on the west side and central part of the roof in Test 
Ro011 1, and is on the order of .s percent. Because the anchors are not 
equally spaced, and the deformation varies nonlinearly with the 
distance along the anchor, a comparison of bay strain between 
successive anchors may be misleading. 

Figures K-47 through K-56 in Appendix K show the strain rate plots for 
all of the roof and floor extensometers. In general, the strain rate 
is decreasing with t1me, except for floor extensometer 51X-6E-Q0210 in 
Test Room 3 where. for anchor A, the strain rate increased with time 
until the extens011eter failed (Figure K-42). The decreasing trend in 
the strain rates is an indication that the salt above the roof and 
below the floor is currenty stable and will remain stable based on the 
projected decreasing rate. 

11.3.2.5 Model Simulat~on 

. As discussed in Chapter s. Section 5.3, numerical analyses using creep 
constants obtained from laboratory tests did not provide a good 
correlation with in situ measured closure. Therefore, an engineering 
approach using curve fitting methods was employed. The finite element 
method was used to simulate the behavior of the test rooms and to 

' ~ 

determine stress distributions. The effects of material properties and 
the proximity to other rooms were considered for incorporation into the 
model. The reference stratigraphy used in the model and the material 
properties of the geologic layers are described in Chapter 6. The 
constitutive equations used in the analyses, particularly the governing 
creep equations, are presented in Appendix C. Using the procedures 
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···described 1n Chapter 5, Section 5.4, in situ roof-to-floor closure data 

through June 30, 1985, were correlated with the finite element 

responses to determine the values of creep parameters c, A and z for 

each test room. In order to eliminate the effect of excavation 

sequence on computation of the creep parameters, only in situ data 

taken after the completion of all test room excavation activities were 

utilized. The average values of these parameters for the four test 

rooms were then used to predict the responses of the future storage 

rooms as described in Chapter 12. 

Figure 11-21 shows the finite element model for the test room panel 

based on the reference stratigraphy. The model has 363 nodes and 

consists of 270 plane strain elements, with gap/friction link elements 

modeling a clay seam at a depth of 2,104.87 feet. A · friction 

coefficient of 0.4 was used for a member property of the gap/friction 

link elements. MB-139 was modeled as an elastic layer from a depth of 

2,130.36 to 2,133.18 feet. The top and bottom boundaries of the model 

are at depths of 1,978.5 feet ~nd 2,250.0 feet, respectively. The roof 

and floor of the room are at depths of 2,112.56 feet and 2,125.56 feet, 

respectively. 

Two openings were incorporated in the finite element model to simulate 

differences resulting from the . proximity of . inner and outer rooms . 

These openings were modeled using height and width dimensions of 13 

feet and 33 feet respectively. The boundary on one side of the model 

was taken as the vertical axis of synnetry for the center pillar and 

consists of horizontal restraints. The ·boundary on the other side of 

the model also utilized horizontal restraints. These boundaries were 

established based on experience from previous analyses and were 

. extended ~far enough so that the effects of the boundaries on the 

structural responses were minimal. Stress boundary conditions were 

used at the top and bottom of the finite element model. A single 

vertical restraint at the lower left corner of the model was used to 
eliminate any rigid body modes in the model . 
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Element s1zes were proportioned to minimize the stress gradients across 

each element. In addition, elements were oriented to have the mesh 

radiating from the opening of the model to be commensurate with 

estimated orientations of the principal stress axes. These aspects of 

the model were designed to inc·rease the overall efficiency of the 

analyses. 

Computation of In Situ Responses and Creep Parameters. The test room 

analyses were performed using the procedures described in Chapter 6 and 

the MARC General Purpose Finite Element Program (ref. 6-8). Time steps 

used in the analyses were within the specified tolerances reconmended 

by the MARC Program. The analysis was performed in several stages with 

each stage containing between 50 and 100 integration steps. After 

completing each stage, the corresponding real time was computed to 

determine the required number of integration steps for the subsequent 

runs. 

Figures 11-22 through 11-25 show the correlations of in situ and 

analytical roof-to-t"loor closures for Test Rooms 1 through 4. The in 

situ roof-to-floor closure · data for Test Rooms 1 and 2 are from 

. convergence meter readings while the measurements for Test Rooms 3 and 

4 are from convergence points. Table 11-12 shows the individual creep 

parameters C, A and z for all four test rooms determined by numerically 

correlating the in situ roof-to-floor closure data. The table also 

. shows the mean values of the creep parameters for three test room 

combinations. 

Similarly, Figures 11-26 through 11-29 show the correlations of in situ 

an~ finite ele~!nt wall-to-wall closures for Test Rooms 1 through 4. 

The in situ wall-to-wall closure data for Test Rooms 1, 3 and 4 are 

from permanent convergence points while the data from Test Room 2 

consists of both · temporary and penmanent convergence point 

measurements. Table 11-13 shows the individual creep parameters C, A 
and z for all four test rooms determined by numerically correlating the 

in situ wall-to-wall closure data. The table also shows the mean 

values of the creep parameters for three test room combinations . 
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Table 11-12 

TEST ROOM CREEP PARAMETERS 
DETERMINED FROM ROOF-TO-FLOOR CLOSURES • t A z 

Test Ro011 (ltsf-4·9sec -1) -1 (sec ) 

1 3.103x1o-21 1.593 4.670x10-a 
2 1.919x1o-21 

1. 712 4.782x10 -8 

3 2.516x10-21 
2.077 7.268x10 -8 

4 2.813xlo-21 1. 712 5.572x10 -8 

Mean i 2.588xlo-21 1. 774 5.573x10-B 
· (Rooms 1 thru 4) 

- 2.958x1o-21 1.653 5.121x10-B Mean X 
(Rooms 1 ' 4) 

Mean i 2.218x1o-21 
( ROOIIS 2 & 3) 

1.895 6.02Sx10-8 

• 
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• Table 11-13 

TEST ROOM CREEP PARAMETERS 
DETERMINED FROM WALL-TO-wAL( CLOSURES 

c A z 

Test Room (ksf-4· 9sec -l) -1 (sec ) 

1 2. OS4x1 0-21 1.502 6.810x10 -8 

2 0.850x10-21 1.630 2.476x10 -8 

3 1. 09Sx1 0-21 1.920 4.464x10 -8 

4 1 .444x10-21 1 .419 5.276x10 -8 

- 1.361xlo-21 -8 Mean X 1.618 4.757x10 
(Rooms 1 thru 4) 

Mean X 1.749xlo-21 1.461 6.043x10 -8 
(Rooms 1 & 4) 

Mean X 0.973x1o-21 1. 775 3.470x10-8 

• (Rooms 2 & 3) 
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As shown in Tables 11-12 and 11-13, the creep para.ters obtained for 

the test roOIIS using roof-to-floor closure values vary sign1ficantly • 
from the values obtained using wall-to-wall closure values. To 
illustrate these variations, the upper curves on Figures 11-26 through 
11-29 show the wall-to-wall finite element responses using creep 
parameters detemined frca roof-to-floor naaerical correlations. The 
discrepancy may be partly due to material anisotropy of the salt which 
is not taken into account in the constitutive relationship for the 
salt. However, the aost important contributor to the discrepancy may 
be the behavior of the clay seams and anhydrite beds. The aodel also 
does not include the complete effects of anisotropic creep behavior due 
to the combination of different layers in the actual stratigraphy. 
This behavior, due to anisotropic geometry, can be shown using a simple 
one-dimensional .,del si1111lar to the one used by Branstetter et. al. 
{ref. 11-3). Consider a block of halite containing N horizontal layers 
with equal thickness. The creep law for each of the layers is assumed 
to be 

i • 1, 2, •••••• N (11-12) 

The equivalent vertical creep function computed by ~onsidering only the 
creep relation in the vertical direction can be expressed as 

However, the equivalent horizontal creep function computed · by 
considering only the horizontal direction becomes 

It was . found that, for any problem in which f 1 {t) varies, the value 
of the equivalent creep function in the horizontal direction, based on 

11-7l 

•• 

• 



• 

• 

• 

equat1on 11-14! 1s lower than the value 1n the vertical direction, 

based on equation 11-13 • 

Replication of in situ creep behavior by the finite element model would 

require extensive research into ~he existing constit.utive equations and 

perhaps modification of the MARC Finite Element Program. It is 

believed that the present methodology can adequately predict the 

roof-to-floor and wall-to-wall closures within acceptable engineering 

accuracy and that further work into. anisotropic creep behavior is not 

justified for design valida~ion. 

One method of determining the structural adequacy of the salt is by 

using the effective strain. Model simulation of Test Room 2 behavior 

showed that the effe~tive strain reached a maximum value at the 

intersections of the walls with the roof and floor. As discussed in 

subsection 11.3.2.4, bay strains in the vertical direction, detenmined 

from roof and floor extensometer data, are on the order of 5 percent 

through June 1986. field observations of the test room walls have not 

found any structural failure at these strain values. Occasional minor, 

shallow spalls are a ~ontinuing occurrence, especially along the upper 

portion of geologic map unit 4. 

Based on the results of the model simulation of Test Room 2, the 

maximum effective strain at the roof and wall intersection wi 11 be 6 

percent about 15 years after excavation. The corresponding average 

vertical strain over a 2-foot thickness of salt will be 15 percent. 

However, effective strain is not directly measurable. At best, only 

vertical or horizontal strains can be determined from multiple-point 

borehole extensomete~ measurements. A comparison of the predicted 

vertical~ stra4n with the vertical strain determined from the relative 

displacement between the collar and anchor A of the roof extensometers 

has been made. Because the collar and anchor A are 5 feet apart, the 

strain calculated from the relative displacements wi 11 be an average 
value. Similarly, the strain from three elements spanning the collar 

to anchor A interval were summed and averaged for comparison • 
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Figure 11-30 shows the cG~~~Par1son for the average vertical strain at 

the roof and wall intersection. Although the relation is expressed in 

terms of t*, the relationship between t* and the real time t is • 
approximately linear. The strain determined from the collar to anchor 

A readings indicates that the rate is currently decreasing with time. 

Figure 11-31 shows the relationship for the center of the roof. This 

rate is also decreasing with till!, even though the numerical analysis 
shows a constant rate. 

11.3.2.6 Effectiveness of Model Simulation 

The procedure discussed in the previous subsection· and in Chapter 5 

used roof-to-floor closure data for the test rooms to calculate the 
creep parameters C, A and z. Extrapolation of creep behavior was then 

accCHDPlished using these derived creep parameters. 

The numerical analysis gives the displacements of nodal points and 

stresses within the elements. The effectiveness of the model used can 

be checked by comparing measurement data other than roof-to-floor 
closure with the magnitude predicated by the model. For example, 

relative displacements between anchor points in ~ltiple-point borehole 

extensometers •Y be compared with predicted relative displacements 
between appropriate nodes of the · modeL· Such a comparison will be 

helpful to assess the effectiveness of model simulation. 

Because a syanetrical two-room model representing four rooms was used 

for model si.ulation, the relative displacement between the collar and 

the deepest anchor of the central roof extensometers in Test Rooms 1 

and 4 were calculated for an interval of 60 days, and the average value 

deten~ined. The real ti• t was converted to the nonnalized time t* 
using equation C.4-17 in Appendix C. This is because the numerical 
analysis was performed in terms of the normalized time. The vertical 
displacements of appropriate nodes in the finite element model, which 
approximately. duplicate the collar and the deepest anchor of the roof 
extensometers, were compiled. If the nodes did not exactly match the 
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location of the deepest anchor, then linear interpolation · was used to 

determine the displacement of salt at the required location . 

Figure 11-32 compares the average relative displacement between the 

collar and the deepest anchor for the central roof extensometers 

51X-6E-Q0207 and 51X-6E-Q0218, with the relative displacement between 

appropriate nodal points computed from the numerical model. A 
-14 

nonnalized time t* of 37.07x10 is equivalent to an elapsed time of 
nearly 3 years since the completion of excavation at the instrument 

location. The discrepancy between the measured and calculated relativ~ 

movements is nearly 2 inches in 3 years. 

For large values of t, the normalized tirae is approximately 

proportional to the real time, since the exponential term in equation 

C.4-17 in Appendix C approaches unity. For large values of t* (and t), 

the calculated relative displacement rate will be approximately 44 

percent higher than the measured relative displacement rate if the 

current rate is ~~aintained. A similar analysis was ma~e for Test 

Rooms 2 and 3. · Figure 11-33 compares the measured values with the 

values obtained from numerical modeling. The discrepancy in this case 

is 27 percent with respect to the measured value at nearly 3 years of 

elapsed time. 

A comparison of salt heave measurement data from a floor extensometer 

in . Test Roam · 4 was made with the values computed from numerical 

modeling. Figure 11-34 shows the results of this comparison. The 

numerical model underestimates the salt heave in the floor by 

approximately 70 percent of the measured value. This discrepancy is 

. probably due to the assumption in· the model that MB-139, 4.8 feet•below 

the floo~. is elastic and has infinite strength. Measurements from the 

floor extensometer and observations of fracturing indicate that MB-139 

cannot be strictly considered as elastic. As discussed in subsection 

11.3.2~1. borehole P4X-84 indicates the presence of lateral 
displacements and vertical separations in MB-139 · beneath the floor of 
Test Room 4. This indicates that stresses in parts of the anhydrite 

bed may have reached the failure state . 
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Another poss1b111ty 1s that ~he fractures might have developed prior to 

excavation of the test rooms (ref. 6-6). In either case, assumptions 

of linear elasticity for the anhydrite bed become untenable. 

Modifications to the material characterization of this anhydrite 

material will be required to better represent its deformational 

behavior. 

The basic philosophy of the model siiiUlation developed in this report 

is that in situ measurement data are utilized to back calculate the 

creep parameters of the salt mass with. the attendant discontinuities 

such as clay seams and anhydrite beds. For the .adel simulation 

technique. the in situ roof-to-floor closure data have been used to 
extract the creep parameters and predict future behavior using these 
creep parameters. This is because the roof-to-floor closure is deemed 

critical to evaluate the adequacy of the room dimensions for the 

effective storage and retrieval of waste. The discussions in the 

previous paragraphs indicate that there are discrepancies between 

measured and · predicted quantities for variables other than 

roof-to-floor closure, such as deformations within the salt mass. Such 

discrepancies are not due exclusively to any inadequacy of the 
numerical modeling procedure but ·are also due to differences in the 

actual and assumed stratigraphy, variations in creep parameters with 

space and time, and inadequate representation of the stress-strain 

behavior of the anhydrite bed. However, it has been demonstrated that 

the model can predict, with . sufficient accuracy for engineering 
purposes, the roof-to-floor closure behavior of the test rooms. A 

similar model simulation analysis was made for wall-to-wall closure and 
independent creep parameters were ·developed. Extrapolation of 
wall-to-wall closure with time • was achieved · using these creep 
parameters. This model simulation technique using in situ data was ... 
employed because the more detailed approach using material properties 
derived from laboratory tests may not produce more accurate results. as 
discussed in Chapter 5, subsection 5.4.3 . 
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11.3.2.7 Computational Analysis Using Laboratory Test Creep Data 

The reference design was based on computations for a singl~ room rather 

than for multiple roOIIS. It was assumed that. with a low extraction 

ratio, the rooms with 1 DO-foot pillars would not have as much early 

interaction as that which has developed in the four-room test panel. 
In Figure 11-35 the two lower curves show the computational results of 

roof-to-floor closure predictions for a 13 x 33-foot room using creep 

constants obtained from laboratory tests. The bottom curve represents 

the computational results fro. reference 11-4, dated August 1982, while 

the middle curve represents the updated result fro11 reference 11-5, 

dated March 1985, which used revised creep parueters and an updated 

reference stratigraphy. In situ closure data for all four test rooms, 
including adjustments for their early closure, are plotted on the same 

figure for comparison. Interaction effects lilY be partly responsible 

for the discrepancy. 

11.4 CONCLUSIONS AND RECOMMENDATIONS 

11.4.1 Conclusions 

The determination of the closure behavior of the WIPP underground 

openings using creep constants derived from laboratory exp.eriments 

underestimated the actual closure. The measured roof-to-floor closure 

in the test rooms has exceeded 12 inches in the 3 years since the end 

of their excavation. This does not COIIIPlY with the design criteria 
vertical closure allowance of 12 inches in 5 years. 

Average vertical strains at roof and wall intersections, as determined 
fram extensometer readings, were close to 3 percent in June 1986 and 

the strain rate was decreasing. MaxiiDWD vertical strain by numerical 
modeling" occurs at roof and wall intersections and compares well with 

the value determined from in situ measurements • . 

Spalling from the roofs and walls, and fractures in the pillars and at 
pillar corners have been observed. Displacements and minor separations 

have been observed at clay seUtS and in the underlying halite in 
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boreholes that penetrate the roofs. These occurrences are expected to 

continue.. Periodic 111intenance of the roof and wall surfaces will be 

required. 

Floor fracturing is well developed in the south half of Test Room 3 

(Room T). Floor fracturing also occurs to a minor degree in the other 

test rooms and in a few areas in the drifts. Because the prominent 

floor fracturing occurring in Test Room 3 has not been found in any 

other rooms or drifts, it is considered to be anomalous to the 

underground facility. It 1s possible that the number and size of the 

22 large-diameter holes .in Test Room 3 exacerbated the pre-existing . 
fractures. If floor fracturing occurs in the storage rooms. it is not 

expected to cause any operational or storage problems. As discussed in 
Chapter 3, Section 3.2, the WIPP project participants agreed, in a 

meeting on February 13, 1986, that the· underground conditions do not 

require moving the facility level (ref. 3-2). 

11.4.2 Recommendations 

Observations· and geonechanical instrumentation measurements should 

continue in the test rooms. Because they are the 110dels for the 
detenmination of storage room behavior, trimming, rock bolting and 

other maintenance in the test rooms should be kept to the minimum 
required for safety, and the rooms allowed to deform. 

It is recommended that Test Room 2, in particular, be preserved. It is 

the only test ro011 that has not been physically altered. This room 

will then serve as " 110de 1 for the storage rooms as they will exist 
prior to waste emplacement. Test Room 2 should not be tri11111ed or 

supported except as anticipated for the storage rooms. Additional 

instrumentation aay be installed and small-diameter holes should be 
drilled in the roof and floor to observe the development of 
d1spla~ements, separations and fracturing. Large-diameter drilling 
should be prohibited and . the room should be closed to all other 
activities. Continued observations of Test Room 2 behavior will 
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provide valuable data on anticipated storage room perfonuance for the 
period between room excavation and the emplacement of waste • 

A program of drilling, testing and geologic mapping should be continued 

· to determine the development and .extent of fracturing beneath the test 
room floors. When this has been determined, several monitoring 
stations should be established to document the behavior of the 
fractures. This program should also include monitoring roof 
displacements and separations. Arrays of small-diameter holes should 
be drilled in a few locations in each test room as soon as possible to 
document movement above the roof. However, dri 11 ing in Test Room 2 
shouid be kept to a minimum. 

Additional efforts are needed to refine constitutive laws for the creep 
behavior of salt as well as the representation of stratigraphy. The 
stress-strain-time behavior of anhydrite beds should be more accurately 
represented • 
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12.1 INTRODUCTION 

CHAPTER 12 

STORAGE AREA 

The storage area encompasses all rooms, drifts and crosscuts that will 

be used for the permanent storage of CH and RH TRU wastes. The storage 
area is located south of the waste shaft station, from S1600 to $3664 

(see Chapter 1, Figure 1-2, and this chapter, Figure 12-1, for location 
and layout). The storage area is arranged to provide a system in which 
CH and RH TRU wastes can be efficiently and safely handled and stored. 
A panel of four full-scale test rooms was excavated to detennine the 
adequacy of the opening configuration and dimensions (Chapter 11). 
Evaluation of in situ data fr011 these test rooms were utilized to 
predict the closures of, and stresses and strains around, the future 
storage area rooms and drifts. 

Th1s chapter presents information on the reference design of the storage 

area rooms and drifts, the design validation process, conclusions 
regarding the suitability of the reference design based on the findings 
of the validation process. and recommendations for modifications to the 
storage area design configurations that will, if implemented, result in 
a validated reference design. 

12.2 DESIGN 

This section presentS the design criteria, design bases and reference 
design configuratio~s that were used for the WIPP storage area rooms 
and drifts. 

12.2.1 Design Criteria 

The Design Criteria, RMC-IIA, for the storage area (ref. 2-8) is 
sunmarized in Chapter 2, Table 2-1. This table presents the major 
criteria that governed the WIPP underground opening reference design, 
including those criteria that require evaluation as part of · the design 
validation process. The following discussion presents a description of 
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STORAGE AREA 
REFERENCE DESI&H PLAN 
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• 
the three design criteria pertaining to the storage area that require 

evaluation for validation of the reference design • 

The first criterion requires that the excavation dimensions of the 

storage area rooms and drifts include an allowance for creep closure 

sufficient to prevent container breaching by creep-induced stresses 

during the retrievab1lity period. The second criterion states that 

each storage room shall allow for salt creep and shall be sized to 

minimize breaching of the CH waste containers for a period of 10 

years. The third criterion states that the underground storage rooms 

and access drifts shall be designed to be compatible with the waste 

transport vehicle, with the waste container sizes, shapes, _weights, and 

stacking configurations, and with the waste handling and backfi 11 ing 

equipment requirements. 

Other criteria that apply to the storage area reference design also 

apply to the drifts and were discussed in Chapter 10. 

12.2.2 Design Bases 

• The design bases describe the specific dimensional requirements used to 

develop the reference design for the storage area drift and room 

configurations {Figures 12-2 and 12-3). The Design Basis. Underground 

Excavations . (ref. 2-18) contains the· bases · used for the storage area 

reference design. The 111jor elements from this Design Basis document 

are sunnarized in the following ·discussion. Although other design 

• 

· bases were also used, they did not have a direct impact on design 

validation. The specific design bases requiring evaluation during the 

validation process are presented in Table 12-1. 

The desivn bases specify that the reference design shall provide an 

underground storage area in which CH and RH TRU wastes can be 

efficiently handled and stored. The reference design of the waste 

storage area shall permit simultaneous storage of CH and RH TRU 
wastes. To the extent possible, the configuration of the storage area 

shall minimize haulage distances for excavated salt and waste storage . 
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(1) HEIGHT OF WASTE PACKAGES STACKED THREE HI6H: 9'-7 112• FOR BOXES; 
9'-D• FOR SIX PACKS. 

(2) SALT COVER: 1' TO 2'; LEVEL OF SALT IS MAINTAINED AT 10'-B• ABOVE 
THE FLOOR. 

(3) VENTILATION SPACE: 1'-4• MINIMUM UNTIL ROOM OR PANEL IS FILLED AND 
PLUGGED. 

(4) SALT CREEP ALLOWANCE: 1•-o• ROOF; 4 112• EACH WALL (ASSUMED TO BE 
ADEQUATE FOR S YEARS). 

(5) CONSTRUCTION TOLERANCE: +6• •. THE CONTRACTOR MUST MAINTAIN THE 
MINIMUM ROOM DIMENSIONS. 

(6) BACKFILLING CONVEYOR CLEARANCE: 2'-4• ABOVE WASTE PACKAGES. 

(7) HEADROOM: 12'-D• FOR CH BOXES AND RH TRANSPORTER. 

(B) WASTE PACKAGE WIDTH: 6'-2 112• FOR BOXES; 6'-1 112• FOR SIX PACKS. 

(9) STACliNG TOLERANCE.: 2 112• BETWEEN WASTE PACKAGES. 

(10) SALT BACKFILL: 3'-D• BETWEEN WASTE PACKAGES AND WALL. 

Figure 12-2 

STORAGE AREA 
DRIFT REFERENCE DESIGN DIMENSIONS 
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EXPLANATION 

(1) HEIGHT OF WASTE PACKAGES STACKED THREE HIGH: 9'-7 112• FOR BOXES; 
9'-o• FOR SIX PACKS. 

(2) SALT COVER: 1' TO 2'; LEVEL OF SALT IS MAINTAINED AT 10'-8• ABOVE 
THE FLOOR • 

(3) VENTILATION SPACE: 1'-4• MINIMUM UNTIL ROOM OR PANEL IS FILLED AND 
PLUGGED. 

(4) SALT CREEP ALLOWANCE: 1•-o• ROOF; 4 112• EACH WALL (ASSUMED TO BE 
ADEQUATE FOR 5 YEARS). 

(5) CONSTRUCTION TOLERANCE: +6•. THE CONTRACTOR MUST MAINTAIN THE 
MINIMUM ROOM DIMENSIONS. 

(6) BACKFILLING CONVEYOR CLEARANCE: 2'-4• ABOVE WASTE PACKAGES. 

(7) HEADROOM: 12•-o• FOR CH BOXES AND RH TRANSPORTER. 

{8) WASTE PACKAGE WIDTH: 6'-2 112• FOR BOXES; 6'-1 112• FOR SIX PACKS. 

(9) STACKING TOLERANCE: 2 112• BETWEEN WASTE PACKAGES. 

(10) SALT BACKFILL: 8 3/4• BETWEEN WASTE PACKAGES AND WALL. 

Figure 12-3 

STORAGE AREA 
ROOM REFERENCE DESIGN DIMENSIONS 
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Table 12-1 

VALIDATION ELEMENTS OF STORAGE AREA DESIGN BASES 

(1) Operational requirements 

a. The storage area rooms. drifts and crosscuts shall be designed 
to allow for retrieval of all CH and RH waste stored for a 
period of up to 5 years after the initial emplacement of each 
waste species. 

b •. Excavation diaensions in the waste storage area shall be to a 
un1fona height of 13 feet. · 

(2) Essential features 

Provide 1 foot vertical and 9 inches horizontal allowance for 
creep closure to •intain the min1IIUII design di•nsions up to 5 
years after initial emplacement. · 

(3) Safety design require.ents 

A m1n1IDUII opening of 16 inches shall be left at the top of the 
rooms and drffts for air passage above the waste and backfill. 
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• 
Construction and storage operations ·shall be physically separated and 

perfonmed during different shifts • 

Each storage room 1s to be filled with waste containers consisting of 

s 1x-packs of CH TRU waste storage drums and/or boxes of CH TRU waste. 

The containers shall be stacked three high and five wide, stored with 

their longest dimension across the opening. A 2 1/2-inch stacking 

tolerance shall be allowed between waste packages. All rooms, drifts 

and crosscuts in the storage area . lillY be used to store CH waste 

containers stacked three high. For this reason, excavation shall be to 

a uniform height of 13 feet throughout the waste storage area. 

The underground sto~age area shall provide for the horizontal 

emplacement of 1,000 RH canisters. The RH canisters, nominally 10 feet 

long and 26 inches in diameter, shall be stored in the salt pillars. 

Emplacement holes shall be perpendicular to the walls, approximately 

midway between the floor and ceiling and evenly spaced laterally. 

Canister spacing shall be based on the assumption that the average heat 

output per canister will be 60 watts or less. Thennal loading in the 

• RH waste storage area shall not exceed 10 kilowatts {kw) per acre. 

• 

Allowing 12 inches for salt creep~ RH waste emplacement machinery shall 

be designed to operate in an effective room height of 12 feet, 

, including all required clearances. 

The stor!lge area floor shall be approximately 2,150 feet below the 

ground surface. The final level of the excavations shall be as · 

determined by the DOE Contracting Officer. 

Four parallel entries shall be provided from the shafts to the waste 

storage Jrea. These entries shall provide separate channels for air 

intake and exhaust, salt removal, and waste storage. 

Excavation dimensions shall include an allowance for salt creep of 1 

foot in the vertical direction and 9 inches in the horizontal direction . . 
for all rooms for up to 5 years. The tolerance for excavation of roof, 
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floor and wall surfaces shall be no greater than plus 6 inches. In no 
case shall the finished cross section di•nsions be less than the 
design dimensions. 

Provision shall be made for the expansion of the storage area within 
the boundaries of Zone II (Chapter 1, Figure 1-1) 1f required in the 
future. The area extraction ratio in the storage area shall not exceed 
25 percent. 

The stored CH TRU waste packages shall be covered w1th a layer of salt 
backfill (3/8 inch or less in grain size) for fire protection. The 
volume. of stored CH TRU waste in any one COIIPart.nt without a vertical 
fire barrier shall be limited to a .. ximum of 500,000 cubit feet. For 
ventilation above the backfilled waste, a mini.um opening of 16 inches 
shall be provided. 

. 
Ho personnel lilY work in air that has passed over the stored CH TRU 
waste. However, · personnel may work in air that has passed through an 
opening ·where RH TRU waste has been emplaced provided that canister 
holes have been sealed w1th plugs. Personnel may not wort in air that 
has passed through openings where RH TRU waste is being emplaced. 

12.2.3 Design Configuration . 

The reference · design of the storage area was developed in accordance 
with· the design criteria and ~he design bases. The design configuration 
is based on the stratigraphy determined from borehole ERDA-9 and on 
salt creep performance determined from laboratory tests on core 
extracted fraaa ERDA-9. The ERDA-9 exploratory hole was the only hole 
within the underground development area which was permitted to 

' ~ 

penetrate the Salado fo~tion to the underground facility horizon. 

The storage area reference design configuration (Figures 12~1, 12-2 and 
12-3) consists of eight panels with seven rooms each. The rooms are 13 
feet high, 33 feet wide and 300 feet long. The panel entries are also 
13 feet high and 33 feet wide. The rooms are separated in each panel 
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• 
by 100-foot wide pillars and the panels are separated by 200-foot wide 

pillars. The test rooms discussed in Chapter 11 were designed to be 

the same size as the storage rooms. The test rooms were constructed to 

monitor -salt performance, pen;it observations of opening stability, and 

to penmit validation of the storage room reference design. 

The reference design provides for the storage of CH waste in one room 
while RH waste is stored in another room. Emplacement of RH waste 

canisters into horizontal holes is depicted on Figure 12-4. After the 

RH waste canisters are emplaced in the walls of the storage room a 

shield plug 1s placed in the wall sleeve. When the emplacement of RH 

waste . canisters is completed in the storage room, CH waste can be 

stored in the same room. During the 5-year demonstration period, the 

RH waste canisters are stored in steel sleeves in the first room of 

Panel 1. During permanent storage, they are emplaced in pillars 

throughout the storage area as dictated by the receival rate of the 

waste. 

The RH waste canisters (with a heat output of 60 watts or less) are 

placed in horizontal holes spaced so that the local storage area 

thermal loading does not exceed the design basis limit of 10 kw/acre. 

For the reference design, and for this report, the thermal effects on 

storage room behavior were not considered significant. · The reference 

design for RH waste is subject to the results of the ongoing WiPP 
experimental program. 

The reference design configuration also defines stacking configurations 

and tolerances for ventilation, backfill and salt creep. These 

tolerances are shown on Figures 12-2 and 12-3 for the storage area 

- dr1fts· and rooms, respectively. In order to meet these requirements, 

the reference design configuration incorporates a reference operating 

procedure. This procedure is based on the waste receipt rates, 

emplacement rates, and retrieval rates stipulated by the design 
criteria. This operating procedure is part . of the storage room 

reference design and is incorporated in construction package EP-QlX. 
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This package contains the design documents that will be used to operate 

the WIPP • 

12.3 DESI6H VALIDATION PROCESS 

The design validation process for the storage area consists of the 

evaluation of numerical modeling and data analysis from the drifts and 

test rooms (Chapters 10 and 11) and its application to the reference 

design of the storage area drifts and rooms. The predicted future 

performance of the storage area openings was compared to the 

performance of existing openings having COCDParable dimensions. This 

was then used as the upper bound for validating th' reference design. 

12.3.1 Data Collection 

6eomechanical instrumentation data collected from the test rooms were 

used to compute the creep parameters of the surrounding salt. Geologic 

mapping and drill cores from the underground facility were used to 

confirm the stratigraphy of the storage area. Test room 
instrumentation data and the computation of creep parameters are 

presented in Chapter 11. Chapter 6 presents information on the 

geologic mapping, drill cores and development of the reference 

stratigraphy. 

The geomechanical instruments in the test rooms have provided 

deformation measurements and response data on the excavated openings. 

Periodic visual inspections of the rooms have provided observational 

data with which to further .evaluate the response · of the surrounding 

salt. Geologic 111pping and core drilling in the E140 drift south of 

the waste shaft have provided information on the stratigraphy in the 

storage area. 

1.2.3.2 Analysis and Evaluation 

12.3.2.1 Storage Rooms 

Analysis and evaluation of the storage room reference design have been 

performed using data collected from the test rooms. The adequacy of 
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.the reference design was evaluated by analysis of the geomechanica · 

behavior, including stress. strain and deformation, which could be 

expected to occur over the operating 11fe of each room. The operating 

life is defined as the period of time fran~ initial excavation of the 

room until retrieval operations ·are completed, if the decision to 

retrieve 1s 111de, or until the storage operation for each panel is 

completed. 

Evaluation of the geologic mapping and drill cores from the £140 drift 

south of the waste shaft has confirmed the continuity of the 

stratigraphy 50 feet above and below the storage area (refs. 4-1 and 

4-2) • . 

Based on an engineering approach (Chapter 5), numerical analyses were 

performed based on crftp parameters detenained fr011 test room data and 

the stratigraphy surrounding the facility level. Because the 

extrapolation of the in situ closure data for the drifts and test rooms 

indicates that more than four rooms in a storage panel could influence 
the total closure and overall creep rate, a mathematical model was 

developed to estimate the upper bound responses. This requires 

assuming an infinite array of equally spaced storage rooms such that 

the centerline of a typical room and the centerline of any one of its 

··pillars form axes of synmetry. In addition, the rooms were assumed to 

be inf~ n1 tely long. 

Figure 12-5 shows the finite ele~~ent model that was used to detemine 

the responses for an infinite array of infinitely long storag~ rooms. 

The IIOdel has 94 nodes and consists of 59 plane strain elements, with 
gap/friction link elements having a friction coefficient of 0.4 to 

110del a "'clay seu. Because test room creep parameters are used in 

predicting the responses of the storage rooms, this model uses the same 
comparative element sizes and external loads as those used in the test 
room model described in Chapter 11, Section 11.3. The boundaries on 

both sides of the model were taken as vertical axes of synnetry to 
represent the pillar centerlines. and consist of horizontal restraints. 
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STORAGE AREA 
ROOM FINITE ELEMENT MODEL 
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Elevations at the top and bott011 of the 110del, the clay seam, the 
anhydrite bed, and the roof and floor of the roori are based on the 
reference stratigraphy and are identical to those used in the test room ~ 
finite element model. 

The analyses were perfo,_d using the MARC General Purpose Finite 
Element Program discussed 1.n Chapter 6. The average values of the 
creep par.-ters were derived from test room roof-to-floor and 
wall-to-wall in situ closure · data. Using these computed creep 
parameters, previously presented in Chapter 11, Tables 11-10 and 11-11, 

the predicted future responses of the storage rooms were c~uted. The 
results of the analyses are presented below. 

12.3.2.2 Storag~ Area Drifts 

Analysis and evaluation of the 13 x 25-foot drift design for the 
storage area have been perfon.ed using data collected from the existing 
8 x 25-foot drifts. The saae finite element .adel used for the 
8 x 25-foot drifts (Chapter 10) was used for the larger ·drifts. A 
removable floor section extending 5 feet vertically downward from the 
original floor level was integrated into the model so that this group 
of elements could be removed at the appropriate stage in the analysis 
to siiiUlate floor excavation. A coefficient of friction of 0.0 was 
assumed for the gap/friction · elements -to·· model· ·a ·clay . -seu. The time 
between initial excavation and the subsequent floor excavation was 
assumed to be 2 years. Therefore, all results presented in the 
following -subsection are directly affected by these assumptions. 
Figure 12-6 shows the model after removal of the floor elements. 

12.3.3 Prediction of Future Behavior 
~ . 

12.3.3.1 Storage Rooms 

Because the room size and panel configuration of the four test rooms is 
si11ilar to the design of the proposed storage rooms, the behavior of 
the storage rooms was computed using the 11easured data from the test 
rooms, as presented in Chapter 11. The results of the storage room 
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STORAGE AREA 
DRIFT FINITE ELEMENT MODEL - AFTER FLOOR LOWERING 
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analyses were plotted at various integration time steps. These 

integration steps correspond to real times immediately after 

excavation. 1 year and 10 years after excavation. The horizontal and • 

vertical stresses. effective stresses. effective creep strains. 

principal stresses and the deformed shapes were plotted at these times 
based on the mean value of the averaged wall-to-wall and roof-to-floor 

creep parameters presented in Tables 11-12 and 11~13 in Chapter 11. A 

closure calculation considering the effects at 1 room intersection was 

perfor.d utilizing the values from these tables. Roof-to-floor and 
wall-to-wall closure predictions for the storage roa. were then plotted . 

Horizontal and Vertical Stresses. The ca.puted horizontal stress 

distributions in the storage rooms are plotted on selected elements of 
the finite element •sh i-.ediately after excavation and .at times of 1 

year and 10 years after excavation (Figures 12-7 through 12-9). A 

contour interval of 250 ksf was chosen ind 10 contour increments were 

used to span a stress range from 0 to 2.500 ksf compression. 

Horizontal stresses immediately after excavation are totally 

compressive throughout the selected elements of the model. Most of the 
changes in horizontal stresses in the salt around the opening occur 
within the first year after excavation and remain practically constant 
even 10 years after excavation. The walls and the underlying anhydrite 
bed (MB-139). near the center of the room. have the largest compressive 

stresses. with values between 250 and 500 ksf compression. As the 
opening slowly deforms. horizontal stresses tend to become more 

compressive in the anhydrite bed near the room• s vertica 1 centerline. 
In the anhydrite bed far from the room centerline. the horizontal 
stresses are relatively low. 

The vertical stress distribution was also plotted for time periods 
immediately after excavation and at times of 1 year and 10 years after 
excavation (Figures 12-10 through 12-12). The contour interval and 
stress range are the same as those used for the horizontal stress plots • 
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CONTOUR Oh(ksf} 

1 Z50 
2 500 
3 750 
4 1000 
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STORA6E ROOMS 
HORIZONTAL STRESS DISTRIBUTION IMMEDIATELY AFTER EXCAVATION 
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Figure 12-10 shows a vertical stress 1n the wall near the room opening 

i~aediateiy after excavation of between 500 and 750 ksf COIIPression • 

This stress is approximately twice the original 11thostatic stress 

before excavation and clearly shows the expected stress concentrations 

around the opening immediately after excavation. As the opening 

deforms, the vertical stress is redistributed around the opening and 

reduced to between 250 and 500 ksf compression. 

Figures 12-11 and 12-12 show very small differences from 1 year through 

10 years after excavation. That is, the vertical stress is relatively 

constant throughout that period with .est of the halite roof beam 

having low stress in the vertical direction. Likewise, the uppermost 

level of elements in the room's floor has relatively low stress in the 

vertical direction due to its lack of vertical confinement. 

The anhydrite bed (MB-139) below the storage room is, in general, 

subjected to low ve~ical stresses; however, some compressive vertical 

stress is indicated under the pillars. 

Effective Stresses and Effective Creep Strains. Figures 12-13 through 

12-15 show the computed effective stress distribution in those elements 

of the finite element model near the room opening. Ten contour 

increments, each having an interval of 250 ksf, were chosen to span a 

stress range from 0 to 2,500 ksf. The effective stress plot immediately 

afte~ excavation shows 1 relatively low stress concentration in the 

anhydrite bed below the floor and no stresses greater than 500 ksf in 
the ha11 te beds. 

At 1 year and 6.5 years after excavation, the computed effective 

stresses ... have increased and concentrated in the anhydrite bed and 

overlying halite. Because the anhydrite was 110deled as being elastic 
until failure and stiffer than .halite, it supports more stress, which 
results in a large effective stress gradient in the anhydrite. The 
maxiiiWD COIIIPUted effective stress is 2,600 ksf, concentrated in the 
anhydrite bed near the room centerline. 
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Because the IIOdel does not include failure criteria for the anhydrite 
bed. an analysis for potential failure in this bed was performed 

~ separately. In Chapter ·6. the failure criterion 

-~ 

~ 

/J
2

· • 752- 0.279J
1 

(stress in ksf) (12-1) 

was defined for the anhydrite bed based on laboratory tests. Rewriting 
this equation in te~ of the .effective stress at failure ;f and the 
first stress invarient at failure (Jl)f: 

( 12-2) 

From the results of the numerical modeling. the average effective stress 
stress at a point close to the center of the room exceeds ;f at about 
e. 5 years since excavation. This does not ~~ean catastrophic failure 
will occur. Instead, there will be a redistribution of stress in the 
anhydrite bed which the model cannot consider. 

Computed effective creep strain distributions were plotted on selected 
elements of the deformed mesh at 1 year and 6.5 years after excavation 
(Figures 12-16 and 12-17). Ten strain increments with an interval of 
0.01 were used to span a strain range from 0 to 0.100. 

At 1 year after excavation. effective creep strains have concentrated 
, in the region around the room opening.- At 6~5 years after excavation. 
the effective creep strains have further intensified around the room 
opening and in the region above the anhydrite bed near the room 
centerline. 

Based on laboratory creep tests on samples of halite. a failure 
criterion has been proposed (equation 6-5 in Chapter 6). Based on this 
criterion'. the failure effective strain for halite is a function of ·the 
mean normal stress ·intensity and reaches a maximum ~~agnitude of nearly 
16 percent at a mean stress intensity of 125 ksf. 
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Based on the computed values of effective creep strain up to 6.5 years 

since excavation, and by linear extrapolation beyond 6.5 years, failure 

will be initiated in the halite about 12 years after the completion of 

excavation. The failure will be initiated at floor and wall 

intersections. 

However, the nuaerica1 .adeling also shows that effective strain 

decreases rapidly with distance away from the opening. Thus, the 
failure is expected to be confined very close to the opening. This 

will require pe.riodic scaling and tria~ing. 

Principal Stresses. The co.puted principal stresses on the plane of a 

section across the storage rooms are presented in a qualitative manner 

on Figures 12-18 through 12-20. The •gnitudes of the two prinCipal 

stresses are proportional to the lengths of the corresponding lines 
which are plotted, perpendicular to each other, at the centroid of each 

of the elements. 

lnmediately after excavation, the aagnitudes of the principal .stresses 

are relatively large in the corners of the room and in the anhydrite 
bed. As the ro011 opening deforms, the principal stresses concentrate 
in .. ,~ e anhydrite bed near the ro011 centerline. 

The plots of the principal stresses also show the stress . arch which 

forms around the ro011 · due to the transfar· of loads around the room 

opening. The stress arch tends to become enlarged with time and 
•igrates away from the ro011. 

Defonaation and Closure. Figures 12-18 through 12-20 also show the 

predicte~ deformed shapes of a typical storage room at different· 
times. The dashed lines represent the outline of the deformed shape of 
the storage ro011. 

lnmediately after excavation, deformation starts around the opening. 
After 1 year of creep, the halite roof beam deforms noticeably at its 
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centerline and the predicted wall deformation 1s nearly as large. 

However. the floor heave is still very sm~ll. Also. some slippage has ~ 

occurred along the clay seams. This 1s graphically depicted as a 
slight horizontal disjointing of the lines that form the element 
boundaries along a clay seam. 

At 6.5 years after excavation. the predicted deformed shape of the 
storage ro011 shows much downward deforution in the roof beam at its 
centerline. The floor has heaved slightly upward. with the upward 
displacement being somewhat .ore noticeable in the center ·of the room. 
The analysis shows very little defol"'lltion in the anhydrite bed even 
after 10 years. Based on the sun uount of floor heave. it appears 
that the stiff anhydrite bed diminishes the 1110unt of floor creep by 
supporting I large amount of lateral pressure. However, because there 
is a potential for the anhydrite bed to fail locally at about 8.5 years 
after excavation. 1t •Y not be able to support this large amount of 
lateral pressure. This .. Y result in a higher creep rate in the floor 
than predicted by the .odel. 

As discussed in Chapter 11. laboratory derived creep constants 
underpredicted actual closure in the test rooms. Thus. back calculation 
of average creep parameters was made using either measured roof-to-floor 
or wall-to-wall closure data·; The effectiveness ·of· the 1110del simulation 
techniques used to derive the creep parameters and extrapolate closure 
behavior were dis·cussed in detail in Chapter 11. subsection 11.3.2.5. 
Because MB-139 was assumed to be ljnearly elastic with infinite 
strength. the numerical aodeling underpredicted floor heave but 
overpredicted roof sag. However. the overall roof-to-floor closure is 
rea~nably well predicted by the model. 

. ~ 

In order to show the effect of geometry and extraction on the closure 
rate. extrapolations of the in situ closure histories for the test rooms 
and various size drifts, as well as the calculated roof-to-floor and 
wall-to-wall closures for the storage ro~ were plotted for comparison 
(Figures 12-21 and 12-22). Si•11ar calculations were made using the 
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average creep parameters for the two interior 13 x 33-foot test rooms 
and using an infinite array of rooms to indicate the sensitivity of the 
value of the parameters. The same parameters were also used in the 
calculations of a single 13 x 33-foot room model to determine the 
effects of extraction on the number of rooms in an array. The 
descriptions of the closure curves plotted on Figures 12-21 and 12-22 
are as follows: 

{A) Analytical closure prediction of a 13 x 33-foot storage room 
in an infinite nUIIIber of 13 x 33-foot rooms using creep 
parameters averaged from all four test rooms. 

(B) Identical to curve A. except that it is plotted with a 
decreasing secondary creep rate derived from in situ test 
room data. 

{C) Identical to curve A, except that the creep parameters used 
are the average of the constants from Test Rooms 2 a_nd 3 . 

(D) Test Room 1 closure using ma theraa t i ca 11 y extrapolated in 
situ closure data. 

(E) . Test Room 2 closure using mathematically extrapolated in 
situ closure data. 

{F) Test Room 4 closure using_ mathematically extrapolated in 
situ closure data. 

(6) Test Room 3 closure using mathematically extrapolated in 
situ closure data. 

(H) Analytical closure predicted for a 13 x 25-foot storage area 
drift using creep parameters from an B x 25-foot drift • 
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. 
(1) Projected closure using in situ data fra~~ the 12 x 25-foot 

EO drift at N940 (includes effects of nearby parallel and 

cross drifts). 

(J) Projected closure using in situ data from the 12 x 25-foot 

E140 drift at S1450 (includes effects of nearby parallel and 

cross drifts). 

(K) Analytical closure prediction for a single 13 x 33-foot room 
using creep parameters averaged fro. Test Rooms 2 and 3. 

(L) Projected closure using in situ data fra~~ the 8 x 25-foot 
£140 drift at S2350 (no effects fro. nearby excavation). 

(M) Projected closure using in situ data from the 8 x 14-foot 

El40 drift at N626 (effects of s1111l cross section 

dimensions). 

As expected, the two interior test rooms (Test Rooms 2 and 3) had more 

closure and higher closure rates during the first year than the outer 
rooms (Test Rooms 1 and 4). This is due to the fact that Test Rooms 2 
and 3 were excavated before Test Rooms 1 and 4. However, Test Rooms 1 
and 4 exhibit higher closure rates during the secondary creep stage. 
This is consistent with the stress arch principle. 

An evaluation of these 13 closure curves indicates that geometry and 
extraction ratio strongly impact the · total closure in a seven-room 

panel within an eight-panel storage area and that the rate of closure 
will be faster than the extrapolated curves for a test room withi~ the 

four-ro011 test panel. For conservatism, Curve A (Figures 12-21 and 
12-22) is used for storage ro011 analysis, prediction and validation. 

Curve A on Figure 12-21 represents the roof-to-floor closure prediction 

using the average creep parameter values for Test Rooms 1 through 4. 
These values were previously presented in Chapter 11, Table 11-12. In 
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the first year following excavation, the roof-to-floor closure curve is 

non-linear. The primary creep closure rate 1s very fast, as shown by 

• the steeply sloped region in the first 3 months. Two and one half 

inches were added to the measured closure values to compensate for the 
lack of ea.rly ·closure data (Chapter 11). During secondary creep, the 
curve flattens and becomes approximately linear with a closure rate of 
approximately 3 inches per year. This closure prediction shows a 
closure of ~pproximately 22 inches at 5 years after excavation and 54 
inches at 15 years after excavation. 

Curve A on Figure 12-22 represents the wall-to-wall closure prediction 
using the average creep parameter values for Test Rooms 1 through 4. 
These values were previously presented in Chapter 11, Table 11-13. As 
with the roof-to-floor closure, the wall-to-wall closure is non-linear 
in the first year following excavation. Again, the closure rate due to . 

. . 
primary creep is initially very fast in the first 3 months as shown by 
the steep s 1 ope of the curve. Two inches were added to the measured 
closure values, as discussed in Chapter 11, to compensate for the lack 
of early closure data. The curve eventually flattens during the 

• secondary creep phase and becomes approximately linear with a closure 
rate of about 2 inches per year. The wall-to-wall closure prediction 
shows a closure of approximately 15 inches at 5 years after excavation 
and 36 inches at 15 years after excavation. 

• 

When the storage rooms are fully occupied by waste and backfill 
material, the closure of the room will be limited by the ability of the 
contents to be compacted. Assuming that the volume of the waste 
container can be compacted by 40 percent and the volume of the backfill 
material by 15 percent, the roof-to-floor closure is predicted to have 
a maximum value of 66 inches and the wall-to-wall closure a maximum . 
value of 44 inches. This maximum closure would occur after about 18 
years for vertical closure and 19 years for horizontal closure (Figures 
12-21 and 12-22). A reduction in the closure rate after the wall and 
roof surfaces begin compacting the backfill material and exerting 
pressure on the waste containers has not been considered • 
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curve A on Figures 12-21 and 12-22 represents the 110st conservative 

estimates of storage room closure. Therefore, values from these curves • 

were used in evaluating the reference design against the design 

. criteria and design bases requirements. The design bases allow up to 

12 inches of closure in the first 5 years after excavation in order to 

maintain a 16-inch space for ventilation and backfill equipment and to 

maintain a 12-foot •inimua clearance for s~orage equipment. The 

estimated vertical closure in S years using curve A is about 22 

inches. This 10 inch incr.ease over the design basis limit could be 

acc0111110dated by increasing the reference design ro011 height from 13 

feet to 13 feet 10 inches. This would be satisfactory for permanent 

storage. Another way to acc011110date the increased closure and still 

maintain the 16-inch ventilation space (Figure 12-3) 1s to eliminate 

the backfill or reduce its thickness covering the CH containers to 6 
inches or less. Deleting the salt backfill would require a change in 

the design criteria. 

The solution to the increased vertical closure is not so simple for 

permanent storage, however. If at the end of the 5-year demonstration 

period, a decision is made requiring the stored waste to be retrieved, 

the design criteria assume that it will take tw1ce as long to retrieve 

,waste as it took to store it. This would result in a room being an 

additional 10 years old before retrieval is completed. · Under these 

circurastances. a 15-year old roam would have a closure of 54 inches, 

based on Curve A. Assu.ing that a storage room was excavated to the 

maxiiiiUID allowable height of 14 feet., the closure would be 14 inches 

more than could be accommodated (24 inches for closure allowance, 
including 12 inches allowed by the design basis and 12 inches for the 

increase in ro011 height from 13 feet to 14 feet, and 16 inches for 
• 

ventilation space). This would result in the backfill being compressed 

and in the possible crushing and breaching of the waste containers. 
Because this scenario does not comply with the design criteria 
requirements, other alternatives must be considered. 
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These alternatives, including modification of 1he design criteria, are 

presented in subsection 12.6.2. Two considerations must be addressed 

here, however, to support the recoanendations. First, the 10 year 

. maximum retrieval period assumed by the design criteria is very 

conservative. Should retrieval be conducted on a three shifts per day 

basis, rather than the assumed one shift per day, no room would be 

older than 7 years by the time its waste was retrieved. Based on Curve 

A, a 7 year old room, from the time of initial excavation, would have a 

closure of about 28 inches. Assuming a room was excavated to the 

14-foot high maxiiDWD and allowing 24 inches for closure, the waste 

containers will not be crushed or breached. However, the ventilation 

space will be reduced to 12 inches. This could be tolerated because 

the maximum 28-inch closure will be at the room centerline; additional 

ventilation . space will be gained closer to the room walls. 

Alternatively, the thickness of the salt backfill over the containers 

could be reduced or eliminated to maintain the ventilation. 

The ·second con~ideration supporting the recommendations is that a 

reduction in room. closure can be gained by modifying the excavation 

technique. A panel of rooms could be excavated to the reference design 

dimension of 13 to 14 feet high. After a year of closure, these 

· openings will be closing at the rate determined by secondary creep. At 

this time the rooms could be trinned to 14 feet high. Trinining will 

remove the salt that has moved into the room during the year and 

provide a full dimensioned room that will close at the rate determined 

by secondary creep. Based on an average secondary creep closure rate 

of 3 inches per year, the rooms would have the following predicted 

closures after trimming: 

5 years 15 inches 

7 years 21 inches 

10 years 30 inches 

15 years 45 inches 

Should the retrieval be effected within 7 years after trimming, a 
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tr1aaed 14-foot high ro011 with 21 inches of closure would meet all of 

the retr1eva} requirements without further modification. 

In order to gain the reduced closure benefits of secondary creep, the 

amount of trimming .ust be kept to a ainimum. The rooms should 

initially be excavated as close to the 14-foot high 1111ximum dimension 

as possible. The trimming operation a year later should remove no more 

salt from the floor than necessary to enlarge the room height to 

14 feet. This small uount of tri•ing will miniaize the increase in 
closure that typically follows major re-excavation, as has already been 
experienced at the WIPP during floor lowering in some drifts (Chapter 
10, Figure 10-i, and this chapter, Ftgure 12-21, Curve J). This is 

discussed 1n detail in the next subsection. 

The width of the storage . rooms presents similar problems. The 

reference design specifies a minimum room width of 33 feet and a 
maxiiDUID width of 34 feet. Again, Curve A on Figure 12-22 represents 

the most conservative esti.ate of horizontal closure. The design basis 

allows 9 inches of horizontal closure in the first 5 years (4 1/2 

inches for each wall). The space between the wall and the waste 
containers (Item 10, Figure 12-3), for the storage area reference 

des 1 ~n. will be backfilled with loose salt. 

The predicted wall-to-wall closure in 5 years, using Curve A, is about 

15 inches. T~is closure will result in compaction of the salt backfill 

and possibly in the crushing and breaching of some con~iners. This 
condition is suitable for pe~nent storage. Should retrieval be 

required, the predicted closure for a 15-year old room would · be 36 
inches. If it is assumed that the room 1s excavated "to its maximum 
dimens·ions, as discussed earlier, the room would be 34 feet wide with 
the waste containers 15 inches from each wall. This 30 inches of 
horizontal clearance is not adequate to meet the design criteria 
requirements for the crushing and breaching of containers, even 1f 

backfill ·were not required. In order to meet the intent of the design 
criteria, the reference design must be modified. The five alternatives 
presented in subsection 12.6.2 include modifications to accommodate 
this horizontal closure. 
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As 1s the case w1th vertical closure in the storage rooms, timing of 

retrieval operations and two-stage excavation can be used to reduce the 
~ wall-to-wall closure. Should three shifts per day be used during 

retrieval and if the rooms are a maximum of 7 years old, then 
wall-to-wall closure would be about 20 inches. If the storage 
operation is conducted on a first emplaced/first retrieved basis and 
retrieval is effected before a room exceeds an age of 6 years, 
horizontal closure would be further reduced to 18 inches. Both of 
these operational changes would decrease the possiblity of crushing or 
breaching the waste containers. 

~ 

~ 

Two-stage excavation gains additional closure benefits. If a room is 
.initially excavated to the maximum design width of 34 feet and after a 
year of closure . trinned to 34 feet, closure would be controlled by 
secondary creep. Based on a wall-to-wall secondary creep closure rate . . 
of 2 inches per year, the rooms would have the following predicted 
closures after trimming: 

5 years 
7 years 

10 years 
15 years 

lD inches 
14 inches 
20 inches 
30 inches 

This will further minimize crushing or breaching of the waste 
containers. 

It is expected that increasing the distance between the waste canisters 
and the wall by increasing the room to the maximum design width of 34 
feet, thereby increasing the amount of loose salt backfill in this 
space, w~ll increase the time it takes for horizontal closure to 
consolidate the backfill and transfer sufficient load to crush the 
waste canisters. This, coup1ed with the faster retrieval schedules 
discussed previously and the fact that the backfill will not be 
completely confined, will minimize crushing and breaching of the 
canisters as required by the criteria. How much it wi 11 be minimized 
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cannot b.e deterwined until the results from in situ experiments dealing 
w1th backfill consoldiation and container stability become available. 

12.3.3.2 Storage Area Drifts 

The results of the analysis of the storage area drifts with dimensions 
of 8 x 25 feet were plotted at various integration time steps. These 
integration steps correspond to real ti11es 1aaediately after floor 
lowering and 5 years after initia1 excavation. The effective stress 
and effective creep strain. principal stresses. and deformed shape were 
plotted at these tiaes based on the roof-to-floor creep parameters for 
a representative station (Chapter 10). 

Effective Stresses and Effective Creep Strains. Figures 12-23 and 12-24 
show the calculation for effective stress distribution in those elements 
of the finite eletaent model near the drift opening. As w1th similar 
plots for the 8 x 25-foot drifts discussed in Chapter 10. each contour 
increment represents an effective stress interval of 100 ksf. 

The plot of effective stress immediately after floor lowering shows the 
impact on the stress distribution as a result of the drift height 
modification. This change in effective stress precipitates a 
concomitant increase in the creep rate. This appears as a .sharp but 
short increase in slope on the roof-to-floor closure versus time curve 
(Chapter 10. Figure lo-6. and this chapter. Figure 12-21. Curve J). 

At the end of 5 years. the anhydrite bed shows a very large effective 
stress gradient from top to bottoaa in the vicinity of the drift floor 
due to the stiffness of the bed. MaxiiiWD effective stresses are in 
excess of 1.000 ksf. 

The effective creep strains have concentrated in the region around the 
drift opening and intensify with time. A rough linear extrapolation of 
effective creep strain beyond 5 years indicates that the maximum 
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STORAGE AREA DRIFTS 
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STORA6E AREA DRIFTS 
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average effective creep strain may reach 16 percent at about 20 years 

after excavation. Based on failure criteria for halite obtained from 

~ laboratory test data (Chapter 6), failure in halite may start at about 

15 percent. However, the numerical modeling indicates .that the 

effective creep strain drops off sharply away from the opening. It is 

therefore expected that high effective strain would not result in a 

large scale failure in halite. 

~ 

~ 

Principal Stresses. The plots of pri_ncipal stresses (Figures 12-25 and 

12-26) consistently show the •arch• pattern which develops around the 

drift in order to transfer loads past the drift opening. The arch is 

shown to migrate away from the opening with till! • . As expected, the 

magnitude of major principa 1 stress 1s greater in the corners of the 

drift and in the underlying anhydrite bed. The anhydrite in particular 

is subjected to large stresses because it is the only material that has 

been assumed in the model to not creep; it therefore •stores• a large 

amount of energy in the form of elastic strain. 

v~formation and Closure. Figure 12-27 shows the deformed shape 5 years 

after drift excavation, or approximately 3 years after floor lowering. 

It should be noted that, while both the roof · and wa~ls are creeping 

inward, the upward floor heave is small by comparison. This phenomenon 

is due to the stiffening effect of the underlying anhydrite bed. 

The stress redistribution that occurs as a result of modifying the 

drift height is the driving force behind the large roof and wall 

deflections that are the most prominent features of the plot at 5 

years. A close examination of the 5-year deformed plot shows that clay 

seam slippage has occurred. The most noticeable slippage has occurred 

in the c~ay seam located about 8 feet above the existing roof. Here, 

the maximum horizontal relative displacement across the seam is 

approximately 3 1/2 inches. Actual relative displacement will be lower 

because the clay Seam$ have a finite friction coefficient. 
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PRINCIPAL STRESSES IMMEDIATELY AFTER EXCAVATION 
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STORAGE AREA DRIFTS 
PRINCIPAL STRESSES 5 YEARS AFTER EXCAVATION 
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Figure 12-2'7 

STORAGE AREA DRIFTS 
DEFORMED SHAPE 5 YEARS AFTER EXCAVATION 
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Figure 12-28 demonstrates the effect of increasing the vertical 

dimension of a storage area drift at some point after initial 

excavation. The finite element model is calibrated with in situ data. 
It models an 8 x 25-foot drift that has its height increased to 13 feet 
by excavating an additional 5 feet from the floor. The 8 x 25-foot 
drift exhibits typical closure; that is, the curve shows .high rate of 
closure during primary creep and a near-ly constant closure rate during 
secondary creep. When the floor is lowered (in this case 2.3 years 
after excavation), primary creep is temporarily reinitiated. The 
secondary creep phase is eventually re-established, but with some 
difference. T~e slope of the curve during secondary creep after floor 
lowering is slightly steeper than the secondary creep prior to floor 
lowering. The rate of closure does not return to the initial rate, but 
rather reflects the new, larger dimension of the drift. In this model. 
the modified drift has 11 inches of vertical closure 5 years after 
initial excavation. 

The same computation included wall-to-wall closure. The effects of 
floor lowering were the . same as for roof-to-floor closure. After floor 
lowering, primary creep was reinitiated and followed by a new secondary 
creep phase with a slightly higher closure rate. Five years after 
initial excavation, the predicted horizontal closure is about 8 inches. 

A rouq~ extrapolation of the predicted roof-to-floor and wa 11-to-wa 11 

closures based on model simulation and resulting secondary creep 
closure indicates the following: 

Time 
(Years> 

' 
10 
15 
20 
25 

Roof-to-Floor Closure 
at 2.0 inches/year 

Cinches) 

20 
30 
40 
50 

Wall-to-wall Closure 
at 1.6 inches/year 

Cinches) 

16 
24 
32 
40 

The maximum effective strain around the drift opening reaches 6 percent 
about 8 years after excavation. Based on in situ observations and the 
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results of 110deling the test rooms, this effective strain of 6 percent 

may not result in instability of the drifts. However, in 15 years the 

effective strain 'at the excavation surface will exceed 10 percent 
locally and the roof-to~floor clo$ure will be nearly 30 inches. 

According to the failure criterion, based on laboratory tests on 
samples of halite (Chapter 6), the halite is supposed to fail at about 
16 percent effective strain. Therefore, minor ·surface deterioration 
can be expected and some trinning will be required to permit operation 
of the waste storage equipment. Because the effective strain decreases 
rapidly within the salt, trinning on the order of only a few feet may 

be needed after 20 years. 

The storage drifts, as with the storage ro~. must accommodate greater 
than predicted closure. The reference design provides for waste 
storage in the storage area drifts only after all of the main storage 
rooms are filled. Since this would occur toward the end of the 
operating phase, waste in these drifts would not be subject to 
retrieval under the · provisions governing the 5-year demonstration 
period. Waste stored in the drifts would be on a permanent basis . 

Increased closure does impact waste emplacement and emplacement 
machinery. In the reference design, the greatest age a drift would 
reach before waste was emplaced would be about 15 years. At ·this age, 
based on the calculated closure for a 13 x 25-foot drift, the predicted 
roof-to-floor closure would be about 25 inches and the predicted 
wall-to-wall closure would be about 20 inches. The storage drifts 
would have to be trimmed to permit proper storage and equipment 
clearance. Similarly, the storage drifts and crosscuts less than 25 
feet wide would also require trimming. 

12.3.3.3 Intersections 

The modeling of intersections is an expensive, three-dimensional 
analysis. However, to estimate closures at a storage room 
intersection, a simplified method ·can be utilized in place of a 
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three-dimensional analysis. The following discussion develops the 

111thematical relationship for COIIPUting the roof-to-floor closure at 

the intersections. 

When normalized time is sufficiently large, analytical results have 

consistently shown that room closure in the normalized time domain can 

be estimated by the follow1ng equation: 

where: 

u • u•
0 

+ u•f t• when: t• > lxlo-11 ksf -4.9 

A -zt 
t• • C[t + z(l - e )] is the normalized time; 

u• is a constant; and 
0 

• li au 
u f • • at• 

at..O 

{12-3) 

Closure for the storage room intersections, in normalized time, was 

calculated using the creep parameters discussed in Chapter 11 and in 

situ data collected near the intersections of the N1420 drifts with 

Rooms Ll and L2. As expected, the closure history follows equation 

12-3 when the normalized time is greater than B.Oxlo-12 ksf-4.9. 

The average values of u•
0 

and u•f for Rooms Ll · and L2 were 

calculated to be 0.0450 feet and 1.967xlol2 ksf-4.9, respectively • 

. 
After determining the values of u•

0 
and u•f• equation 12-3 can be 

utilized for COIIIPUt1ng the closure at a storage room intersection. 

Figure 12-29 shows the roof-to-floor closure prediction at a storage 

room intersection. 

12.4 STORAGE AREA PLUGS 

The design cr1ter1a require that the storage area reference design 

contain provisions for the isolation of the waste storage panels from 
each other. The reference design contains recoanended locations for 
plugs which would provide this isolation. It does not, however, 
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provide a specific design for the plugs. The design of the plugs is 

currently under investigation by SNL (ref. 12-8) • 

The recommended locations for the plugs are shown on Figure 12-30. The 

plugs will be constructed in the entry drifts to each panel. The four 
main access drifts to the storage area will also contain plugs. The 

section of the entry drifts . leading from the access drifts to the first 
storage room is 200 feet long. The reference design contains 
provisions for the construction of approximately 100-foot long plugs 

centered in this 200-foot section of each entry drift. 

Originally, the reference design contained entry drift cross section 

dimensions of 13 feet high and 33 feet wide. These dimensions are the 

same as those for the storage room reference design and were chosen 

based on waste container stacking considerations. This design was 
modified as the result of a meeting between the DOE and all project 

participants {ref. 3-2). The reference design modification was based 

on the necessity to minimize the cross section area of the plugs while 
maintaining sufficient room for the excavation and waste storage 

equipment . 

The reference design modification for th~ entry drifts is shoWn on 
Figure 12-31. The 100-foot long section containing the plug has been 

reduced in cross section to 13 feet high and 14 feet wide for the 
exhaust drift and 20 feet wide for the intake drift. However. the 
operating contractor may further modify these dimensions to accommodate 

equipment. The four main access drifts will retain their original 

cross section dimensions in the areas of the planned plugs. 

The plug shown on Figure 12-31 would consist of multiple components as 

described in reference 12-B. These components include a central core of 
bentonite or bentonite-based mix, salt-brick bulkheads, and cement-based 
bulkheads. Prior to constructing the multiple-component plug in an 
entry drift, the operating contractor must investigate the disturbed 
zone surrounding the drift. In particular, the occurrence of any 
fractures within and above MB-139, beneath the floor, and any 
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STORA&E AREA 
PLU6 LOCATIONS 
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Figure 12-31 

STORAGE AREA 
PROPOSED PANEL PLU& REFERENCE DES16H 
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separations at clay seams above the roof will need to be evaluated. If 

zones of unacceptable permeability are detected in the floor, the plug 

area should be .lowered to remove the fractured zone and KB-139. 

Similarly, should any separations be found at clay seams above the 

entry drift, the roof should be excavated up through the highest seam 

exhibiting separation. 

If the disturbed zone effects are n~t substantial, low-pressure 

grouting may be considered as an alternative remedial action. This 

would permit retention of the mininuim cross section for the plug area. 

In addition, pressure grouting could be used in conjunction with 

excavation to treat deeper· fractures, if present. 

12.5 STORAGE ROOM BACKFILL 

In accordance with the design criteria, the storage room reference 

design includes backfilling the rooms with crushed salt after waste 

emplacement. The storage area drift and room dimensional requirements 

are shown on Figures 12-2 and 12-3. The thickness of the salt backfill 

covering the waste packages shown · on these figures is 1 to 2 feet . 

This is to be the thickness of the salt after placement and does not 

take into account backfill consolidation during room closure. 

The only purpose for backfilling presented in the criteria is to 

provide fire protection in the storage rooms based on an accident 

scenario in which spontaneous ignition of the contents of a CH TRU 
waste container results in fire propagation to adjacent containers. 

Recent studies concerning the potential for spontaneous ignition in CH 

TRU waste containers have indicated that this is not a credible 

scenario. Although backfill is a design criteria requirement and 
therefore must be incorporated into the reference design, the results 

. 4 

of these studies indicate that backfill will not be necessary for fire 

protection . 
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12.6 CONCLUSIONS AND RECOMMENDATIONS 

The following subsections present conclusions pertaining to validation 

of the WIPP storage area reference design and recoanendations for • 

design modifications to achieve validation of the . reference design. 

These are based on a comparison of the design criteria, design bases 

and reference design configurations with the results of the analysis 

and evaluation of data collected during the design validation process. 

12.6.1 Conclusions 

The 110st significant finding of the design validation program is the 

difference between closure predicted ff'OII laboratory test data and the 

closure actually occurring in the underground facility. The storage 

area reference design configurations were designed before long-tem in 

situ data were available. Closure rates were estimated using creep 

constants derived fro~~ the laboratory analyses of salt cores from 

borehole ERDA-9. These est illites resulted in the establishment of a 

closure limit of 12 inches in the first 5 years following excavation. 

Evaluation of the in situ data demonstrates that this closure limit is 

insufficient. The predicted closure based on laboratory analyses 

underestimates the actual closure at 3 years by about a factor of three 

(Figure 11-35). Establishing the causes for · this underprediction of 
closure requires additional study and research and is beyond the scope 

of this report. 

Vertical and horizontal closure· demonstrated by the in situ data will 

not allow the reference design to meet the design criteria 

requirements. The waste containers will most likely be crushed and 

breached. Furthen10re, because of the in situ closure the · waste 

container stacking configurations and transport vehicle would not be 

compatible with the reference design room and drift configurations. In 

order for the reference design to comply with the design criteria, the 
storage area design configurations or the design criteria will ~ave to 

be modified. Five alternative modifications are presented in the next 
subsection. 
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The analytical results for the storage area show the redistribution of 

stresses around the openings due to the effects of creep. Based on the 
comp~ted vertical, horizontal.and effective stresses, the magnitude of 

stresses immediately adjacent to the openings decreases and the stress 

arch around the openings migrates away with time. The maximum stress 
occurs imediately after excavation and is followed by relaxation due 
to creep behavior. Therefore, the stresses wi 11 not cause a future 
stability problem in the storage area except in MB-139, where a _gradual 
buildup of stress may cause local failure of the anhydrite. This 
failure is expected to be in the form of floor slabbing and should not 
affect the structural performance of the openings nor hinder the waste 
storage operations. Investigations of the te$t room floors indicate 
that major fracturing has occurred only in the south half of Test 
Room 3 (Room T). All other floor fracturing has been minor. 

The analysis shows the locations of effective creep strain 
concentrations at different times around the openings. Based on the 
predicted values of effective creep strain and the strain limit 
discussed in Chapter 6, effective creep strain may locally exceed the 
critical strain which is based on laboratory test data. However, this 
is not expected to disturb the overall structural stability within the 
limits required for safety during the S-year demonstration period and 
permanent storage. Minor spalls and failures on the wall surfaces, 
similar to the ones discussed in Chapter 11, are expected to occur and 
can be easily identified and monitored. Scaling of tnese minor 
failures, when necessary, is considered a normal maintenance operation. · 

The facility stratigraphy is continuous and uniform. No anomalous 
conditions have been encountered that would jeopardize facility 
operations or waste storage integrity. The fracturing that is 
occurring beneath the test room floors may develop to some degree 
beneath the storage rooms. These fractures are not considered to be 
deleterious to storage room performance. There have been no 
occurrences of gas or brine in quantities that would adversely affect 
waste storage operations • 
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The storage area has been designed to accoanodate panel plugs as 

required by the criteria. The reference design for the panel entry 

drifts contains a reduced cross section in the plug area. The minimum • 

dimensions for the plug area will be dictated by operating 
requirements. The dimensions may also require alteration if disturbed 

zone effects are present that necessitate additional excavation. 

An independent study has concluded that spontaneous combustion in the 

waste containers is not a credible event. In this case. crushed salt 
backfill will not be required for fire protection. Because it has been 

determined that the storage roOIIS will close at a rate faster than 

originally anticipated. deletion of the backfill requirement w111 
provide additional allowance for vertical closure. This has favorable 

implications in terms of recoaaended 110difications discussed in the 

next subsection. 

12.6.2 Recommendations 

The reference design will be validated when any of the. following 

alternative modifications or combinations thereof are incorporated: 

(1) Maintain the reference design room dimensions (13 to 14 ~eet 

high and 33 to 34 feet wide). retain the salt backfill but 
reduce the volume of waste to be stored and modify the waste 
stacking configuration in each ro011 and entry drift 
(Figure 12-32). These changes would be required only during 
the 5-year demonstration period. Revise the criteria to 
require that retrieval operations be accomplished within 7 
years of excavating each room. This will assure that the 

waste containers will not be crushed or breached. However. 
~ it w111 require a s.ign1f1cant number of additional rooms 

during and after the de110nstration period. 

(2) Maintain the reference design room dimensions and the waste 
storage volume. Revise the criteria to delete the 
requirement for salt backfill and to require that if the 
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Figure 12-32 

STORAGE AREA 
MODIFIED WASTE STACKING CONFIGURATION 
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wane ... ts~ to be retr1,ved :Jt shall .~be done before the age of 

; any _,.,_ . .,1n· wtl~ch w~~~! !$ .. ,~,eing retrieved reaches 7 years. 
• \> .~ ., ' ' 

Th1s·r.. vw~.11 :preclude. ~~~~ ; ~~ss1b111ty of crushing and/or 

bretcM.rf9:or :an)!·( .was;.~.f - e~~tai.ners and will make retrieval 

easjeniM'd· more_ ,rq'd,.t:::.fto .. ~~,ditional rooms will be required. 

(3) "lMa:intain ;:~~e rejeTetA;e ;:Jl~lgn room dimensions, the waste 

··' · ... storage ~o~UIIt . ,.~a~d tll.!~alt backfill. Revise the storage 

v ,l'.S. 70~f!r.atiotas t.,dur~·J\J~: t.h_e :· Si1Year demonstration period so that 
thr waste ,stored f~rst , can be retrieved first. Excavate the 
- ' ' .. .,- . . j 

ijOOIIS to 14" x 34 , f~tt ~.c4n1tia11y and then trim . the111 to 
. ._ , . ' . \ 

<.• . 14 X " .• ~ fe!t a _year 141-er. Rooms having waste retrieved 
will }not .. be older than : 6. years and the wall-to-wall closure . ... 

wi H be approx1•te1y ·12 _inches. This would minimize the 

.crushing,., and ~breach.i~g of the waste containers. The 

cr1ter1<a ~ire , -~o be .~vised as stated under {5) of these 
... :-,.recoaaendation,s • .- H~ver~ due to the first-in/first-out 

·r~.coaaendat 1 on, 110re roOIIS will be required during the 

s-year d~nstration, period to accommodate the expected 

.,.:.,:.~¥Dlu_me of .. ~aste. Tri•ing to the final dimensions will also 
inc~ase ~p~rating costs. The total number of rooms 
required will be the same as provided by the reference 

~ :-.:!' der-1 "'n , .. T . ., ~ • .::;.·.:1 

(4) 

;.·-~ . 

For the S-year demonstration period, reduce the storage room 

width fro11 33 :· feet :to 28 feet, •intain the 13 to 14-foot 

~ ~r. h~1gh~ •.. and reduce the pillar width to 84 feet. Maintain 
3 ."' •' ~ .. the first rooa for RH emplacea~ent at 33 feet to 34 feet wide 

· ?· · ··•-' ' and 13 feet to 14 feet high as provided in the reference 

_, d.esign. Reduce the volume of waste to be stored in each 
ro011 and ma.'l.ntain the salt backfill. Excavate the rooms to 

•'<= · ''• 

14 x 28 feet then, after approximately 1 year, trim them to 
14 x 28 feet again. Provide for first-in/first-out 
emplacement and retrieval during the 5-year demonstration 
period. This will reduce the rate of creep to approximately 

12-64 

• 

• 

• 



• 

• 

(5) 

the rate for the 13 x 25-toot drifts. The potential for 

crushing and bre~~h1ng · bf ~li!tWe waste ~ · e6ntliMts.: will be 

•inia1zed and the ;tab11H~ sh'cli1d b~· 'ttelt·e rr:~an -that tor a 

33-foot wide room • . Th~ t ofil 'volume ~of · e'X'cavati.on wi 11 be 

a~proxi111tely the · s~~ll..1 'rr · t tr.Y s :.a1 tfrnat~Ht$. selected, 

additiona 1 engineering ,;,;i't~aiNati,gn :11IH l ~ ·~e . recru iT-ed!\ :t 

Maintain all of the f·~a·fUr\s ~ o'f~ in·~;r re~f~rente . .;;cle$.i gn. : That 

is, ~~aintain the storag·e1 'room"' configu·f'ft fon ~of ''l3 ~: feet high 

and 33 feet wide, 111intai'n;;, the sa·lt" back'f,Hl.·,~lla-i ntain the 

planned volume of waste toc~6e ·stored in ,.each roOia/ and drift, 

and ~~aintain the sue 'opt'ilifted ':excavation ·plan . for the 

5-year demonstration period, ~ and permanent, ·stdrage. Revise 

the design- criteria to a·now. crushing and breaching of the 

CH waste containers 

as well as during 

criteria requiring a 

during ~ the 5-year de..Onstrition period 
permane;nt storage. ~, 'A'l so. revise the 

·-~~ ~ . '·. '· . 
demonstration 'b'f ·waste· package handling 

to include a demonstration""' of . the retrieva~ 'of . c'rushed and 

breached containers prior: to receiving · · wa-st-e. This 

alternative will not only demonstrate the· safe: .r~(rieval of 

waste if required during the 5-year demonstrati<on ~,1)eriod but 
also at any time during perminent storage~ ~i:;; .. "tS} 

In addition to these recoanended alternative modific·ati.ons, the 

following modifications are recommended: 

(6) The drifts used for storage will have to be maintained and 

triaaed to provide the~ r.equ1 red equipment ~ " and storage 

clearances . The closure rates are not critical for storage 
because these drifts w111 be .. used only for pemanent storage 

~ near the end of the permanent, storage period • . , , , ·::~ . 

·: .,. vr~r :u·, 

~\"- ., ., .I 

... ·· ·-· 
~- . ' i 

·~ 
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(l) Add actd1tionaY;rbO.S::·to;:eMPensate for the space occupied by 

the . p.l uP: ·1 n . the etrtty ~r1 fts. 

{8) Irista1{ <1nstrumentat1on ;1n· the .· storage rooms to obtain in 

sit(f·data, to IDOnitoT' S~orage room behavior. 
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